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ADVERTISEMENT. 



A New Edition of the Work of the late Mr. Tredgold, 
edited — with further Experimental Researches on the Strength 
of Cast Iron and other Metals — by Eaton Hodgkinson, 
P.R.S., now being much called for, and holding the highest 
reputation as a Standard Work of reference, for the use of 
the Scientific and Practical Builder, is now presented together 
as a fifth edition of Tredgold, and a second edition of Mr. 
Eaton Hodgkinson's "Experimental Researches." 

It is intended by Mr. Hodgkinson to publish in a col- 
lected volume, all his valuable experiments scattered in the 
publications of several Scientific Works, viz. ; " Transactions 
of the Royal Society of London,'' " The House of Commons' 
Report on Iron," and "The Memoirs of the Manchester 
Society." 

The Second portion of this Work may be had sepa- 
rately for the convenience of those who desire to possess, 
alone, Mr. Hodgkinson's " Researches." 

• J. W. 

Navemler, 1860. 
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SECTION I. 

MR. TREDGOLD»S ORIGINAL INTRODUCTION. 



Art. 1. In consequence of the security which cast iron 
gives, when it is properly employed, for supporting consider- 
able weights, pressures, or moving forces, it has lately been 
very much used ; and is likely to wholly supersede the use of 
timber for many important purposes. Indeed, so considerable 
are the improvements which have arisen out of its use, that 
the period of its general introduction has been very justly 
considered as forming a new era in the history of machines.* 
"All other improvements," it has been remarked, "have been 
limited ; confined to particular machines ; but this, having 
increased the strength and durabiUty of every machine, has 

improved the whole." t 

Cast iron is a valuable material, because it gives safety 
against fire; it is not liable to sudden decay, nor soon 
destroyed by wear and tear, and it can be easily moulded into 
the form of greatest strength, or that which is best adapted 
for our intended purpose. 

The fatal consequences that might result from the use of 
timber for supporting heavy buildings, either in case of fire 
or of decay, have often been foreseen ; but in a few instances 

* Essays on Mill Work, ftc, by Robertson Buchanan, Essay II. p. 254, 2nd edit ; 
or drd edit, by G. Rennie, Esq., p. 177. 

t Mr. Dunlop's Account of some Experiments on Cast Iron. Dr. Thomson's 
Aniiali of PhUosopby, toI xiii. p. 200. 
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it has happened that where iron has been used for greater 
security against fire, the structure has failed from want of 
strength. Such failures have not occurred from any defect 
in the material itself; for it too often happens that such 
works are conducted by persons of little experience, and less 
scientific knowledge. Men of little experience too frequently 
imagine that a large piece of iron is almost of infinite strength; 
and they often have a like indistinct notion of pressure. They 
design to please the eye, without regard to fitness, strength, 
or durability ; instead of ornamenting a support, they make 
the support itself the ornament, and sacrifice everything to 
lightness of effect. The dimensions of the most important 
parts of structures are too often fixed by guess or chance ; 
and the person who calculates the value of materials to the 
fraction of a penny, seldom if ever attempts to estimate their 
power, or the stress to which they will be exposed. 

The manner in v^hich the resistance of materials has been 
treated by most of our common mechanical writers, has also, 
in some degree, misled such practical men as were desirous 
of proceeding upon surer ground; and has given occasion 
for the sarcastic remark, " that the stability of a building is 
inversely proportional to the science of the builder.'** 

When it is considered that it is absolutely necessary that 
the parts of a building or a machine should preserve a certain 
form or position, as well as that they should bear a certain 
stress, it will become obvious that something more than the 
mere resistance to fracture should be calculated. In cases 
where the parts are short and bulky, it may do very well to 
employ the rules for resistance to fracture, and make the parts 
strong enough to sustain four times the load, but such cases 
rarely occur ; and where long pieces are loaded to one-fourth 
of their strength, we may expect much flexure, vibration, and 
instability. 

If a material of any kind be loaded with more than a 

* Enoy. Method Diot. Architeofcure, art. Equilibre. 
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certain quantity, it loses the power of recovering its natural 
form, when the load is removed; the arrangement of its 
particles undergoes a permanent alteration ; and if it supports 
the same load during a considerable time, the deflexion will 
increase, and the more in proportion as the load is above the 
elastic force of the material.* 

On this part of the resistance of materials I have made 
many experiments, both with metals of various kinds, and 
with timber : I find that while the elastic force or power of 
restoration remains perfect, the extension is always directly 
proportional to the extending force, and that the deflexion 
does not increase after the load has been on for a second or 
two ; but when the strain exceeds the elastic force, the exten- 
sion or deflexion becomes irregular, and increases with time. 
I was led into this important inquiry by considering the 
proportions for cannon, and the common method of proving 
them. It appears from my experiments, that firing a certain 
number of times with the same quantity of powder would 
burst a cannon when the strain is above the elastic force of the 
material, though the effect of the first charge might not be 
sensible. The same remarks apply to the methods of proving 

* This importeut fietct appears to have bean first noticed by Coulomb, while 
making bia experiments on torsion. (Some account has [been giTen of Coulomb's 
experiments by Dr. Young, Nat. Phil. vol. iL p. 883, and also by Dr. Brewster in his 
additions to Ferguson s Lectures, vol. il p. 234, third edit.) But, in a great number 
of substanceSy we seem to have an instinctiTe knowledge of this property of matter : 
a bent wire retaios its curvature ; and it may be broken by repeated flexure, with 
much leas force than would break it at once : indeed, when we attempt to break any 
flexible body, it is usually by bending and unbending it seTcral times, and its 
strength is only beyond the effort applied to break it when we have not power to 
give it a permanent set at each bending. A permanent alteration is a partial frac- 
ture, and hence it is the proper limit of strength. Dr. Young, with his usual profound 
discrimination, pointed out the importance of this limit in applying the discoveiieB 
in science to the useful arts. 

While the previous edition was in preparation, a copy wss received of the " Essai 
Theorique et Experimental sur la B^istanoe du Fer Forg^" of M. Duleau, which is 
founded on similar views of the strength of wrought iron. M. Duleau has ascertained, 
with an apparatus much more imperfect than mine, the fact that iron cannot be con- 
aidered a perfectly elastic body when the strain exceeds a certain force. I shall, in 
the course of this edition, compare the results of his experiments with those I have 
made, wherever the conditions are similar. 

b2 
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the strength of steam engine boilers and pipes, by hydraulic 
pressure : if the strain in proving exceeds that which produces 
permanent alteration, an irreparable injury is done by the 
trial. 

In the moving parts of machines the strain should obviously 
be under the elastic force of the material, and in the second 
Table will be found the flexure and load a piece of a given 
size will bear without destroying the elastic force. 

I think every one, who carefuUy examines the subject, will 
feel satisfied that the measure of the resistance of a material to 
flexure is the only proper measure of its resistance, when it 
is to be applied where perfect form or unalterable position is 
desirable ; and the measure of its resistance to permanent 
alteration, when it is used where flexure is not injurious nor 
objectionable. 

In order to supply practical men with a convenient and 
ready means of assigning the dimensions of cast iron beams, 
columns, &c., to support known pressures, or moving forces, 
I have drawn up this volume. I am persuaded that its use- 
fulness will find it a place among the common works of 
reference, which are more or less necessary to every architect, 
engineer, and builder. To bring it within as small a compass 
as possible, I have arranged the Tables so as to include as 
many distinct appUcations as the nature of the subjects 
seemed capable of admitting. 

SOME PARTICULARS TO BE OBSERVED IN USING THE TABLES. 

2. The weight of the beam itself is always to be estimated, 
and added to the load to be supported; or (because this 
method renders it necessary to estimate the weight before the 
bulk be determined) find the dimensions of the piece that 
would support the load by one of the Tables, and increase 
the breadth in the same proportion as the weight of the piece 
increases the load. If the weight of the piece, for example, 
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be an eighth part of the load, then to the breadth, found by 
the Table, add an eighth part of that breadth ; and so of any 
other proportion. It is not an absolutely correct method, but 
it is simple and correct enough for use. 

3. The Tables and Rules are calculated for soft gray cast 
iron. Metal of this kind yields easily to the file when the 
external crust is removed, and is slightly malleable in a cold 
state. Dr. C. Button has justly given the preference to such 
iron, because it is " less liable to fracture by a blow, or shock, 
than the hard metal.'** 

White cast iron is less subject to be destroyed by rusting 
than the gray kind ; and it is also less soluble in acids ; there- 
fore it may be usefully employed where hardness is necessary, 
and where its brittleness is not a defect ; but it should not 
be chosen for purposes where strength is necessary. When 
it is cast smooth, it makes excellent bearings for gudgeons or 
pivots to run upon, and is very durable, having very little 
friction. 

White cast iron, in a recent fracture, has a white and 
radiated appearance, indicating a crystalline structure. It is 
very brittle and hard. 

Gray cast iron has a granulated fracture, of a gray colour, 
with some metallic lustre ; it is much softer and tougher than 
the white cast iron. 

But between these kinds there are varieties of cast iron, 
having various shades of these qualities ; those should be 
esteemed the best which approach nearest to the gray cast 
iron. 

Gray cast iron is used for artillery, and is sometimes called 
gun-metal. 

The best and most certain test of the quality of a piece of 
cast iron, is to try any of its edges with a hammer ; if the 
blow of a hammer make a slight impression, denoting some 
degree of malleability, the iron is of a good quaUty, provided 

♦ TractB, vol. i. p. 141. 
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it be uniform : if fragments fly off, and no sensible indenta- 
tion be made, the iron will be hard and brittle.* 

The utmost care should be employed to render the iron in 
each casting of an uniform quality, because in iron of different 
qualities the shrinkage is different, which causes an unequal 
tension among the parts of the metal, impairs its strength, 
and renders it liable to sudden and unexpected failures. 
When the texture is not uniform, the surface of the casting is 
usually uneven where it ought to have been even. This 
unevenness, or the irregular swells and hollows on the surface 
of a casting, is caused by the unequal shrinkage of the iron 
of different qualities. A founder of much observation and 
experience in his business pointed out to me this test of an 
imperfect casting. 

Now, when iron of a particular quality is obtained by 
mixture of different kinds, it will be difficult to blend them 
so thoroughly as to render the product perfectly uniform; 
hence we easily perceive one reason of iron being improved 
by annealing, for in passing slowly to the solid state, the 
parts are more at liberty to adjust themselves, so as to 
equalise, if not neutralise, the tension produced by shrinking. 
But, it is clear that an annealing heat applied after the metal 
has once acquired its solid state, must be sufficiently intense 
to reduce the cohesive power in a very considerable degree, 
otherwise it will not be sensibly beneficial.t These remarks 
apply to glass, and to various metals as well as to cast iron. 

It has been remarked that " iron varies in strength, and 
not only from different furnaces, but also from the same 
furnace and the same melting ; but this seems to be owing to 
some imperfection in the casting, and in general iron is much 

* For more informaiion upon this subject, see Mr. Fairbdirn's Experiments upon 
the Transverse Strength, &e., of Bars of Cast Iron, from various parts of the United 
Kingdom. (Manchester Memoirs, vol. vL new series). — ^Editor. 

+ Dr. Brewster has shown that the mechanical condition of unannealed glass is not 
capable of being altered by the heat of boiling; water. Edin. Phil. Journal, vol. iL 
p. 899. 
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more unifonu than wood/'* I am glad to find my own 
experience supported by the opinion of a writer so well 
known to practical men as Mr. Banks. But the very great 
strain which large ^masses of well mixed cast iron will bear, 
when applied to resist the greatest stresses in mill and engine 
work, is now extremely well known in this country. Its 
value was foreseen by our celebrated Smeaton at an early 
period of his practice. Upwards of fifty years ago he com- 
bated the prejudices against it in the following language: 
'' If the length of time of the use of these (cast iron) utensils 
is not thought su£Scient, I must add, that in the year 1755, 
for the first time, I applied them as totally new subjects, 
and the cry then was, that if the strongest timbers are not 
able for any great length of time to resist the action of 
the powers, what must happen from the brittleness of cast 
iron? It is sufficient to say, that not only those very 
pieces of cast iron are still at work, but that the good effect 
has in the North of England, where first applied, drawn 
them into common use, and I never heard of one failing."! 
These remarks were written in 1782, and the good opinion 
of Smeaton has been fully justified by the experience of suc- 
ceeding engineers ; the grand and varied works of Wilson, 
Rennie, Boulton and Watt, Telford, &c., &c., abundantly 
confirm it. | 

* Banks on the Power of Kachinefl, p. 78. See also p. 94 of the same work. . 

f Reports, vol i. pp. 410, 411. 

t One of the boldest attempts with a new material was the application of oast iron 
to bridges : the idea appears to ha^e originated, in the year 1778, with the late 
Thomas FamoUs Pritohard, then of Eyton Turrett, Shropshire, arohitect, who, in 
eommnnication with the late Kr. John Wilkinson, of Brosely and Castlehead, iron- 
master, suggested the practicability of constructing wide iron arches, capable of 
admitting the passage of the water in a rlTcr, such as the Severn, which is much 
snbject to floods. This suggestion Mr. Wilkinson considered with great attention, 
and at length carried into execution between Madely and Brosely, by erecting the 
celebrated iron bridge at Oolebrook Dale, which was the first construction of that 
kind in England, and probably in the world. This bridge was executed by a Mr. 
Daniel Onions, with some variations from Mr. Pritchard's plan, under the auspices 
and at the expense of Mr. Darby and Mr. Reynolds, of the iron works of Oolebrook 
Dala Mr. Pritchard died in Ootober, 1777. fle made several ingenious designs, to 
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Yet I must not omit to remark, that cast iron when it fails 
gives no warning of its approaching fracture, which is its 
chief defect when employed to sustain weights or moving 
forces; therefore care should be taken to give it suflScient 
strength. And it will be obvious from the preceding remarks, 
how much its strength depends upon the skill and experience 
of the founder. 

4. The parts of each casting should be kept as nearly of 
the same bulk as possible, in order that they may all cool at 
the same rate. 

Great care should be taken to prevent air bubbles in 
castings ; and the more time there can be allowed for cooling 
the better, because the iron will be tougher than when 
rapidly cooled; slow cooling answers the same purpose as 
annealing. 

In making patterns for cast iron, an allowance of about 
one-eighth of an inch per foot must be made for the contrac- 
tion of the metal in cooling. Also the patterns that require 
it should be slightly bevelled to allow of their being drawn 
out of the sand without injuring the impression; about 
one-sixteenth of an inch in six inches is sufficient for this 
purpose. 

In notes at the foot of each Table, the mode of applpng 
these Tables to other materials is shown, which will be useful 
in exhibiting the comparative strength of diflFerent bodies 
when applied to the same purpose, as well as in giving the 
proportions of these materials for supporting a given load. 

* 

show how Btone or brick arches might be constructed with cast iron centres, so that 
the centre should always form a permanent part of the arch. These designs were in 
tho posBession of the late Mr. John While, of DevonBhire Place, one of his grandson.^, 
to whom wo are indebted for the preceding particulars of this note. 
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INTRODUCTION. 



[sect, l 



TABLE III.*— Abt. 7. A Table to shota the vmght or pressure a cylindrical pillar or 
column of cast iron will sustain^ toith safety, in hundred weights. 



Length 
or height. 


2 ft. 

11 


4 ft. 

II 


6 ft. 


8 ft 


10 ft 

si 


12ft. 

11 


14ft. 

^ OD 

•5 


16ft 


18ft 

#6 


eight g 
cwts. Jp 


22ft. 
II 


24ft. 




DiAinetar. 


Diameter. 




18 


12 


8 


5 


8 


2 


2 


1 


1 


1 


^a 


^a 




lin. 


1 in. 


u- 


44 


86 


28 


19 


16 


12 


9 


7 


6 


5 


4 


3 


li^. 


2 


82 


72 


60 


49 


40 


32 


26 


22 


18 


16 


13 


11 


2 — 


24- 


129 


119 


105 


91 


77 


65 


55 


47 


40 


84 


29 


25 


24- 


3 — 


188 


178 


163 


145 


128 


111 


97 


84 


73 64 


56 


49 


3 — 


84- 


267 


247 


232 


214 


191 


172 


156 


135 


119 106 


94 


83 


34- 


4 — 


387 


826 


810 


288 


266 


242 


220 


198 


178 


160 


144 


180 


4 — 


n- 


429 


418 


400 


379 


854 


327 


301 


275 


251 


229 


208 


189 


44- ! 


5 — 


530 


522 


501 


479 


452 


427 


394 


365 


337 


310 


285 


262 


5 — 


6 — 


616 


607 


592 


573 


550 


525 


497 


469 


440 


413 


386 


860 


6 — 


7 - 


1040 


1032 


1013 


989 


959 


924 


887 


848 


808 


765 


725 


686 


7 — 


8 


1344 


1338 


1315 


1289 


1259 


1224 


1185 


1142 


1097 


1052 1005 


959 


8 — 


9 — 


1727 


1716 


1697 


1672 


1640 


1603 


1561 


1515 


1467141611864 


1311 


9 — 


10 — 


2133 2119 


2100 


2077 


20452007 


1964 


1916 


1865 


1811 


1756 


1697 


10 — 


11 — 


2580 2570 


2550 


2520 


2490 2450 


2410 


2358 


2805 2248, 


2189 


2127 


11 — 


12 


3074 


3050 


3040 


3020 


2970 


2930 


2900 


2830 


2780, 

1 


2730 


2670 


2600 


12 — 

1 
I 



This Table was calculated by Equation xviii. art. 290. It is one of those cases 
where a Table is most useful even to the quickest calculator, because the weight to 
be supported and the length being given, a quadratic equation must be solved to find 
the diameter : here it is found by inspection. This Table does not admit of accurate 
application to other materials, on account of the form of the equation. It will bo 
nearly correct for wrought iron, but is not applicable to timber. 



* This Table has no solid basis. The very ingenious reasoning, from which tbo 
formula is deduced by which the Table was calculated, depends upon assumptions 
which Mr. Tredgold was induced to adopt through want of experimental data. Seo 
Mr. Barlow's Report on the Strength of Materials, 2nd voL of the British Association. 
An abstract of an experimental research, to supply this deficiency, is given in the 
" Additions." — Editor. 



SECTION II. 

EXPLANATION OP THE TABLES, WITH EXAMPLES OF THEIR USE. 



EXPLANATION OF THE FIRST TABLE. 

8. The first Table (page 9, art. 5), shows by inspection, 
the dimensions of square beams to sustain weights or pressures 
of from one hundred weight to 500 tons ; so as not to be 
bent or deflected in the middle, more than one-fortieth of an 
inch for each foot in length. 

The length is the distance between the supports, as A B, 
fig. 1, Plate I., and the stress, whether it be from weight or 
pressure, is supposed to act at the middle of the length, as at 
C in the figure. The breadth and depth are supposed to be 
the same in every part of the length, and equal to one another. 

The horizontal row of figures at the top of the Table 
contains the lengths in feet. 

The columns, at the outsides, contain the weights in cwts. 
and tons, and the second column, on the left-hand side, 
contains the weights in pounds avoirdupois. 

The horizontal row of figures at the bottom shows the 
deflexion for each length. The other columns show the 
depths in inches. 



EXPLANATION OP THE SECOND TABLE. 

9. The second Table (page 13, art. 6), is intended to show 
the greatest weight a beam of cast iron will bear in the 
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middle of its length, when it is loaded with as much as it 
will bear, so as to recover its natural form when the load is 
removed. If a beam be loaded beyond that point, the 
equilibrium of its parts is destroyed, and it takes a per- 
manent set. Also, in a beam so loaded beyond its strength, 
the deflexion becomes irregular, increasing very rapidly in 
proportion to the load. 

The horizontal row of figures along the top of the Table 
contains the lengths in feet, that is, the distances between 
the points of support ; and the horizontal row at bottom, the 
length of a beam supported or fixed at one end only, which 
with the same load would have the same deflexion. 

The columns on the outsides contain the depths in inches. 

The other columns contain the weights in pounds avoir- 
dupois, and the deflexions they would produce in inches and 
decimal parts, when the beams will be only just capable of 
restoring themselves. 

The breadth of each beam is one inch, therefore the Table 
shows the utmost weight a beam of one inch in breadth 
should have to bear ; and a piece five inches in breadth will 
bear five times as much, and so of any other breadth. 

EXPLANATION OF THE THIRD TABLE.* 

10. The third Table (page 16, art. 7), shows by inspection 
the weight or pressure a cylindrical pillar or column of cast 
iron will bear with safety. The pressure is expressed in 
cwts., and is computed on the supposition that the pillar is 
under the most unfavourable circumstances for resisting the 
stress, which happens, when, from settlements, imperfect 
fitting, or other causes, the direction of the stress is in the 
surface of the pillar, as shown in fig. 31, Plate IV. 

The horizontal row of figures along the top of the Table 
contains the lengths or heights of the pillars in feet. 

* See note to that Table. — Editor. 
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The outside vertical columns of the Table contain the 
diameters of the pillars in inches. 

The other vertical columns of the Table show the weight in 
cwts. which a cast iron pillar, of the height at the top of the 
column, and of the diameter in the side columns, will support 
with safety. Consequently, of the height, the diameter, and 
the weight to be supported, any two being given, the other 
will be found by inspection. 



EXAMPLES AND USE OP THE TABLES. 

1 1 . Example 1 . To find the depth of a square bar of cast 
iron, twenty feet in length, that would support ten tons, the 
deflexion not exceeding half an inch. 

Find the column in Table I. which has the length twenty 
feet at the top, and in that column, and opposite to ten tons 
in either of the side columns, wiU be found the proper depth 
for the bar, which is 9*8 inches. 

If the depth 9 '8 be multiplied by 1-71, it will give the 
depth of a square beam of fir that would support the same 
load with the same deflexion. Thus, 1-71 x 98 = 16*76 
inches nearly, the depth of the fir beam. 

If the depth of an oak beam be required, multiply by 1'83 ; 
thus 1-83 X 9-8 = 17'93 inches, the depth of an oak beam. 

12. Example 2. Required the weight a cast iron beam 
would support without impairing its elastic force, the length, 
breadth, and depth being given ? 

Let the length be twenty feet, and the breadth the same 
as the depth, ten inches. In the second Table, under the 
length twenty feet, and opposite the depth ten inches, we 
find the weight 4250 ibs. for the load a beam one inch in 
breadth would bear; and this multipUed by 10, gives 
42,500 fl)s., or nearly nineteen tons; and the deflexion 
would be 08 inches, but the weight of the beam itself would 
be nearly three tons, and its effect the same as if half the 

c2 
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three tons were applied in the middle ; consequently the 
greatest load that the beam should be liable to sustain should 
not exceed seventeen tons and a half. 

An oak beam of the same size would support only one- 
fourth of 42,500 ibs. or 10,625 lbs. ; and its deflexion in 
the middle would be 0'8 multiplied by 2'8 = 2'24 inches. 

A fir beam of the same size would support three-tenths of 
42,500 fts. = 12,750 lbs. ; and its deflexion in the middle 
would be 0-8x2-6 = 208 inches. 

A wrought iron bar of the same size would support 1*12 
times the weight of the cast iron one, that is, 42,500 xl'12 
= 47,600 ibs. ; and its deflexion in the middle would be 0*8 
multiplied by 0"86=0'688 inches. But the reader will 
remember that wrought iron possesses this great stiffness 
only in consequence of the operations of forging or roUuig, 
and these operations have very little eflFect where the thick- 
ness is considerable. 

13. There are cases where a greater degree of flexure may 
be allowed, and there are others where it ought to be less ; 
but I consider that to which the first Table is calculated as 
nearly the mean, and it is easy to make any variation in this 
respect. 

Example 3. Let it be required to find the depth of a 
square cast iron bar to support ten tons without more 
deflexion than one-tenth of an inch, the length being twenty 
feet. 

By examining the deflexion for twenty feet at the foot of 
the column in Table I. it will be found five times one-tenth 
of an inch; hence take the depth opposite five times the 
weight or fifty tons, which is 14*6 inches, the depth 
required. 

14. Example 4. Knd the depth of a square bar of cast 
iron to support ten tons, the deflexion not to exceed one inch, 
the length being twenty feet. 

This degree of deflexion is double that at the foot of the 
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column headed 20 feet in Table I. ; therefore look opposite 
half the weight, or five tons, and the depth will be found to 
be 8*2 inches. 

I have taken the same length and weight in each of these 
examples for the purpose of showing how much the depth 
must be increased to give stiffness. 

15. When a bar or beam is employed to support a load in 
the middle, or at any other point of the length, a great saving 
of the material is made by making the bar thin and deep,* 
provided it be not made so thin as to break sideways. 

The depth of a beam is sometimes limited by circumstances, 
and as no proportion could be given that would suit for every 
purpose, it is left entirely to the judgment of the person who 
may use the Table. But there is a limit to the depth, which, 
if it be exceeded, renders the use of cast iron for bearing 
pm-poses very objectionable and dangerous where the load is 
likely to acquire some degree of momentum from any cause ; 
for if the depth be increased, it renders a beam rigid or 
nearly inflexible, and then a comparatively small impulsive 
force will break it. A very rigid beam resembles a hard 
body ; it will bear an immense pressure, but the stroke of a 
small hammer will fracture it. 

In order to mark the point where the depth has arrived 
at that proportion of the length which makes it become 
dangerously rigid, I have stopped the column of depths at 
that point, and should it be required to sustain a greater 
weight, the breadth must be increased instead of the 
depth. 

16. Ewaniple 5. Find the depth of a rectangular bar of 
cast iron to support a weight of 10 tons in the middle of its 
length, the deflexion not to exceed one-fortieth of an inch per 
foot in length, and the length 20 feet ; also let the depth be 
six times the breadth, 

* The term depth is always omployed for the dimension in the direction of the 
pressure. 
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Under the length 20 feet in Table I. and opposite six 
times the weight, will be found the depth, which in this case 
is 15 "3 inches, and the breadth will be one-sixth of this 
depth, or 2 '6 inches. 

If a fir beam be proposed to support the same weight with 
the same quantity of deflexion, multiply the depth 15*3 
inches by 1-71, which gives 26*2 inches for the depth of the 
fir beam, and its breadth will be 

— -— = 4*37 inches nearly, 
o 

The depth of an oak beam for the same purpose may also 
be found by using the multipUer given for oak at the foot of 
the Table. 

In the same manner, if the depth had been fixed to be 
four times the breadth, look opposite four times the weight 
for the depth, and make the breadth one-fourth of the depth, 
and so of any other proportion. 

17. Example 6. If the breadth and length of a beam be 
given, and it be required to find the depth such that the 
beam may sustain a given weight without impairing its elastic 
force; then, in the second Table, the depth and deflexion 
may be found thus: Divide the given weight by the 
breadth ; the quotient will be the weight a beam of one inch 
in breadth would sustain, which being found in the column 
of weights under the given length, the depth required will be 
opposite to it, and also the deflexion. 

Let the given breadth be three inches, the weight to be 
supported 10 tons or 22,400 fts., and the length 20 feet. 
Then 

22400 



8 



= 7466; 



and the weight nearest to 7466 fts., in the column for 20 feet 
lengths in the second Table is 8330, and the depth 14 inches, 
and the deflexion would be 0'57 inches. 

Emmple 7. The second Table may be usefully applied to 
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proportion the parts of a very simple weighing machine for 
weighing very heavy weights. For the flexure of a beam 
being directly proportional to the load upon it, while its 
elastic force is perfect, this flexure may be made the measure 
of the weight upon the beam. And a multiplying index may 
be easily made to increase the extent of the divisions so as to 
render them distinct enough for any useiFul purpose. 

Suppose that 4 tons (8960 lbs.) is the greatest load to be 
weighed, and that the distance between the supports is 16 
feet ; and make the breadth of the bar 7 inches. Then, 

?^' = 1280 

and the nearest load above this under the length 16 feet in 
Table 11. is 1328 ibs. and the corresponding depth 5 inches, 
which may be the depth of the bar. The flexure will be 
1*02 inches, but if the beam be formed as fig. 4, Plate I., the 
flexure will be greater, being nearly 1'7. (The calculation 
may be made by art. 232.) 

By making the index move over 5 inches when the 
deflexion is one inch, each cwt. will cause the index to move 
over one-tenth of an inch ; but the scale should be graduated 
by the actual application of ton weights. 

Two such beams and an index would form a simple weigh- 
bridge, which would be very little expense ; a correct enough 
measure of weight for any practical use, not likely to get out 
of order, and would require no attention in weighing except 
examining the index. And this index might be enclosed, if 
necessary, so as to be inaccessible to the keeper of the weigh- 
bridge. 

18. Eocample 8. To find the diameter for a mill shaft 
which is to be a solid cylinder of cast iron, that will bear a 
given pressure, the flexure in the middle not to exceed one- 
fortieth of an inch for each foot in length. 

Let us suppose the distance of the supported points of a 
shaft to be 20 feet, and the pressure to be equal to 10 tons. 
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Then multiply the pressure* by the constant multiplier 1*7, 
that is, 

10 X 1-7 = 17, 

and in this case, opposite 17 tons in the first Table, and 
under 20 feet, we find 11 '2 inches for the diameter of the 
cylinder or shaft. 

But a mill shaft should have less flexure than one-fortieth 
of an inch for each foot in length ; about half that degree of 
flexure will be as much as should be allowed to take place. 
Therefore opposite double the weight, or twice 17 tons, will 
be found the diameter to give the shaft that degree of stiff- 
ness, that is, 13*3 inches. 

If it be for a water wheel, for example, the stress should 
include every force acting on the shaft ; that is, the weight of 
the wheels on the shaft, and twice the weight of water in the 
buckets of the water wheel ; and though it will exceed the 
actual stress as much as the difference between the height of 
the water and its force to impel the wheel, the difference is 
too small to render it necessary to adopt a more accurate 
mode of computation. 

Example 9. Large shafts are often made hollow in order 
to acquire a greater degree of stiffness with a less weight of 
metal, not only to lessen the first expense, but also to lessen 
the pressure, and consequently friction on the gudgeons. If 
the thickness of the metal be made one-fifth of the external 
diameter, the stiffness of the hollow tube will be half that of 
a square beam, of which the side is equal to the exterior 
diameter of the tube. Therefore in Table I., opposite double 
the stress on the shaft, will be found the diameter in inches 
under the given length. 

For instance, let the shaft be 25 feet long, and the stress 
upon it when collected in the middle 18 tons ; under 26 feet 
in Table L and opposite 2 x 18, or 36 tons, will be found 

* See art. 258, or Elementary Prinoiples of Carpeutry, Sect. II. art. 96 ; or edition 
by Ur. B«rlow, 4to. 1840. 
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15-3 inches, the diameter of the shaft, provided it may bend 
0*65 in., or a Uttle more than half an inch at every revolution. 
If it should bend only half this, then look opposite twice 36 
tons ; the nearest in the Table is 75 tons, and the diameter is 
1 8^ inches. The thickness of metal will be one-fifth, or 
nearly 3f inches. 

19. Example 10. When the diameter of a solid cylinder 
is given, and the length, to find the greatest load it will 
sustain without injury to its elasticity, and the deflexion that 
weight will cause. 

Suppose the diameter to be 11 inches, and the length 20 
feet, then in the second Table, opposite the depth 11 inches, 
and under the length 20 feet, will be found 5142 ibs. Let 
this be multiplied by the diameter 11 inches, and divided by 
the constant number 1*7; the result will be the weight 
required in pounds. 

In this case it is 33,271 9bs., 

6142 X 11^1-7 = 33,271. 

The deflexion opposite 11 inches and under 20 feet is 
•73 in. 

Any different degree of deflexion may be allowed for in the 
same manner as shown in the third and fourth examples. 



APPLICATION TO CASES WHERE THE LOAD IS TO BE UNI- 
PORMLY DISTRIBUTED OVER THE LENGTH OF THE BEAM. 

20. Whether a load be uniformly distributed over the 
length from A to B, fig. 2, Plate 1., or it be collected at 
several equidistant points, as at 1, 2, 3, 4, 5, 6, and 7, in the 
same figure, the same rule may be used, as it causes no 
difference that need be regarded in practice. But the effect 
of this load in producing fiexure differs from its effect in 
producing permanent alteration. 

It is proved by writers on the resistance of solids, that the 
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whole of a load upon a beam, when it is uniformly distributed 
over it, will produce the same degree of deflexion as five- 
eighths of the load applied in the middle * (see experiment, 
art. 54, 61, and 62). Consequently, take five-eighths of the 
whole load upon the beam, and with this reduced weight pro- 
ceed as in the foregoing examples. 

21. Example 11. Let it be required to find the dimen- 
sions of a cast iron bar to support 10 tons uniformly dis- 
tributed over its length, the depth of the bar to be four times 
its breadth, and the deflexion to be not more than one- 
eightieth part of an inch for each foot in length, or one-fourth 
of an mch, the length being 20 feet. 

Here the five-eighths of 10 tons is 6 tons and a quarter, 
and as the depth is to be four times the breadth, multiplying 
six and a quarter by four gives 25 tons ; but the deflexion is 
to be only half that given in the Table ,• therefore the 25 
must be doubled, which gives 50 for the number of tons 
opposite which the depth is to be found. The depth opposite 
50 tons, and under 20 feet, is 146 inches, and the breadth is 

—7- or 8'66 inches ; 

4 

that is, a bar 14*6 inches deep, and 3'65 inches in breadth, 
will bear a load of ten tons uniformly distributed over it when 
the length of bearing is 20 feet, and the deflexion in the 
middle a quarter of an inch. 

Example 12. Let it be proposed to find the proper 
dimensions for an open girder of cast iron, for supporting the 
fioor of a room, the girder being formed as described in fig. 
11, Plate II. (See art. 41). 

Suppose the distance between the walls to be 25 feet, and 
the distance ^between girder and girder to be 10 feet, then 
there will be 

10 X 25 = 250 

* Dr. Young's Lectures on Nat. Phil. vol. ii. art. 825, 329. Mr. Barlow's Treatiso 
on the Strength of Timber, Cast Iron, &&, art. 55. 1887. 
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superficial feet of floor supported by eacli girder ; and the 
load on each foot being 160ibs., (see Alphabetical Table, art. 
Ploor), 

160 X 250 = 40,000 lbs. 

is the whole load distributed over the girder. But five- 
eighths of 40,000 is 25,000fts., and multiplying* 25,000 by 
6*3, we have 157,000ibs. ; the nearest number in Table I. is 
156,800Ibs., and the mean between the depths for 24 and 26 
feet is 17*8 inches, which is the depth for the girder; the 
"breadth should be one-fifth of the depth, or 

— — =s 3'56 inchefly 

and the section at A B, and C D, square. 

If the girder were actually loaded to the extent we have 
calculated upon, the depression in the middle would be about 
one-third more than is stated at the foot of the Table, in con- 
sequence of the girder being diminished towards the ends ; 
but the greatest variable load in practice is seldom more than 
half that we have assumed, and it is the flexure from the 
variable load which is most injurious to ceilings, &c. 

Again, let the length of bearing be 20 feet, and the 
distance of the girders 8 feet, and the weight IGOfts. upon a 
superficial foot of the floor, then 

20 X 8 X 160 = 25,600 lbs. 

the whole load distributed over the girder. And five-eighths 
of this load multiplied by 6 '3 is 

5 X 6*3 X 25.600 
^ f ' = 100,800 fts. : 

The nearest number in Table I. is 103,040, and the depth 

* It is shown in a note to ari 200, that where the breadth and depth of the section 
of the beam at A B, or C D, fig. 11, is one-fifth of the entire depth of the beam in 
the middle, the strength is to that of a square beam as 1 : 6*3, and the stififuess is in 
the same proportion. 
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corresponding to a 20 feet bearing is 14'3 inches, the depth 
of the girder required : and 

14-8 «„^. , 

--- = 2-86 inchef, 
o 

the breadth. 

The examples here given of girders show the dimensions of 
some that were executed several years ago. 

Example 13. The same calculations apply to the form of 
girder shown in fig. 24, Plate III. When the extreme 
breadth at the upper or lower side is one-fifth of the depth, 
divide this breadth into ten equal parts, and make the thick- 
ness in the middle of the depth four of these parts ; the depth 
of the projections should be three-fourths of the breadth.* 
With these proportions, the depth at the middle of a girder 
for a 25 feet bearing should be 17 '8 'inches, and the extreme 
breadth 3'56 inches, as in the preceding example. 

And for a 20 feet bearing 14 j^ inches deep, and 2'86 
inches in breadth. I have seen some of less dimensions 
employed in several instances, but it is to be hoped such 
examples are not very common. A review of my mode of 
calculation will show that no more excess of strength is 
allowed than ought to be in such a material. 

When there is not any length and weight in the Table 
exactly the same as those which are given, take the nearest ; 
the dimensions thus obtained will always be sufficiently near 
for practice. 

22. In applying the second Table, the effect of a load uni- 
formly distributed over the length is to be considered equal 
to that of half the load collected at the middle point, (art. 
139;. Therefore considering this half load the weight to be 
supported, proceed as in the other examples of the use of the 
second Table. 

* See note to art. 186, for the reason of this rule. 
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EXAMPLES OF TUB USE OF THE THIRD TABLE. 

23. Example 14. Let it be required to support the floor 
of a warehouse by iron piUars, where the greatest load on 
any pillar will be 70 tons, the height of the pillars being 14 
feet. 

Seventy tons is equal to 1400 cwt. ; and in the column 
having 14 feet at the head, in the third Table, 1561 cwt. is 
the nearest weight ; and the diameter opposite this weight in 
the side column is 9 inches, the diameter required. 

If it be wished to approach nearer to the proportion, take 
the mean between the weight above and that below 1400 ; 
that is, the mean between 1561 and 1185, which is 1373, or 
nearly 1400 ; hence it appears that a little more than 8^ 
inches would be a sufficient diameter, but it is seldom 
necessary to calculate so near. 

Example 15. If it be desired to fix on the diameter for 
story posts of cast iron to support the front of a house ; such 
a one for example as is commonly erected in London where 
the ground story is to be occupied with shops ; in such a case, 
each foot in length of frontage may be estimated at 25 cwt. 
for each floor, and 12 cwt. for the roof: hence in a house 
with three stories over the shops, the extreme load will be 



3 X iS5 + 12 = 87 cwt 

on each foot of frontage. Now if the posts be 7 feet apart, 
and 12 feet high, we have 7 X 87 = 609 cwt. the load upon 
one post ; and hence we find by the Table, that a pillar 6^ 
inches in diameter would be sufficient; the load 525 cwt., 
which corresponds to a diameter of 6 inches, being too small. 
If there be only two stories above the pillars, and the 
height of a pillar be 10 feet, the distance from pillar to pillar 
7 feet ; then, 

(2 X 25; + 12 X 7 = 4 : J cxvt, 
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the whole load for one pillar : and it appears by the Table, 
that a pillar 5 inches in diameter would sustain 452 cwt. ; 
consequently 5 inches will be a proper diameter for the 
pillars. 

When pillars are placed at irregular distances, that which 
carries the greatest load should be calculated for, and if it 
happen that such a pillar stands 10 feet from the next 
support on one side, and 6 feet from the next support on the 
other side, add these distances together, and take the mean 
for the distance apart ; thus, 

10+6 16 o 

the mean distance of the supports. 

The strain upon a pillar cannot be exactly in the direction 
of the axis when the pillars are placed at unequal distances to 
support an uniform load ; and since this unequal distribution 
of supports is extremely common in story posts, the propriety 
of adopting the mode of calculation I have followed is 
evident. 

The diameter of a story post is sometimes made so small 
in respect to its height and the load upon it, that a very shght 
lateral stroke would break it : while we hope that no serious 
accident may occur through such hardihood, we cannot but 
dread the consequences of trusting to these inadequate 
supports. 



I 






> 



SECTION III. 

OF THE FORMS OF GREATEST STRENGTH FOR BEAMS. 



24. In the Introduction, I have stated that one of the 
most valuable properties of cast iron consists in our being 
able to mould it into the strongest form for our intended 
purpose ; and in order to apply this property vrith the most 
advantage, it will be useful to consider the means of applying 
our theoretical knowledge on this subject to practice. 

There are two means of increasing the strength of a beam ; 
the one consists in disposing the parts of the cross section in 
the most advantageous form ; the other, in diminishing the 
beam towards the parts that are least strained, so that the 
strain may be equal in every part of the length. 

OP FORMS OF EQUAL STRENGTH FOR BEAMS TO RESIST 

CROSS STRAINS. 

25. Before I point out the forms of equal strength corre- 
sponding to diflFerent modes of applying the load or straining 
force, let us consider the conditions that are essential in a 
practical point of view. In the first place, supported parts 
must have sufficient magnitude to insure stability ; for it is 
much more important that every connection or joining should 
be firm, and that the bearing parts should be secure against 
crushing or indentation, than it is that a small portion of 
material should be saved. When mathematicians investigate 
a form of equal strength, the manner of connecting it or 
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supporting it is not considered. Girard has shown that 
whatever line generates a solid of equal resistance, the solid 
always terminates in a simple point, or in an arris which is 
either perpendicular or parallel to the direction of the strain- 
ing force.* Therefore the forms given by this mode of 
investigation do not answer in practice unless they be properly 
modified. 

26. It may be easily proved, that in a rectangular section, 
when a weight is supported by a beam, the area of the 
section at the point of greatest strain should be to the area 
at the place of least strain, as six times the length is to the 
depth at the point of greatest strain ;t and this is the least 
proportion that ought to be given. Now when the length 
and depth are equal, the area at the point of least strain 
should be one-sixth of the area at the point of greatest strain, 
instead of being a simple point or an arris. 

27. If a beam be supported at the ends, and the load 
applied at some one point between the supports, and always 
acting in the same direction, the best plan appears to be to 
keep the extended side perfectly straight, and to make the 
breadth the same throughout the length ; then the mathe- 
matical form of the compressed side is that formed by draw- 
ing two semiparabolas A C D and BCD, fig. 3, C being the 
point where the force acts. J Now the curve terminating at 
A, it is necessary in applying it to use, to add some such 

* Traits Analytique do la Resistance dea Solides, art. 129. 
t For it is eliowu (art. 110) that 

but the force to resist detrusion being as the area simply; Uicreforc \vc must bave 
/ i/ d' = W at the weakest point. Consequently 

Ql ' 

or 

6l:d::bd:Vd'; 

where I is the length, h d the area at the point of greatest stndu, and b' d! the area at 
the poiut of least strain. 

:«: Oreg. MechauicB, i. art. 180. It was first shown by Galileo. 
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parts as ai*e indicated by the dotted lines at the extremities. 
The same form is proper for a beam supported in the middle^ 
as the beam of a balance. 

28. Irregular additions of this kind, however, render it diffi- 
cult to estimate the eflfect of the straining force ; therefore, 
some simple straight-lined figure to include the parabolic form 
is to be preferred : this may be easily eflfected as proposed by 
Dr. Young,* by making the lines bounding the compressed 
side tangents to the parabolas, as in fig. 4. If A E be equal to 
half C D, then E C is a tangent to the point C of an inscribed 
parabola A C, having its vertex at A. 

By forming a beam in this manner, one-fourth of the 
material is saved ; but the flexure will be somewhat more than 
one-third greater, therefore there is a loss of stijQEhess in using 
this form. 

29. If the beam be strained sometimes from one side and 
sometimes from the other, both sides should be of the same 
figure, as in fig. 5. In the beam of a double acting steam 
engine, the strain is of this kind. A E and B F shodd be 
equal, and each equal to half C D as before. 

30. It is sometimes desirable to preserve the same depth 
throughout; and in this case, the section through the 
length of the beam made perpendicular to the direction of the 
straining force should be a trapezium, described in the 
manner shown in the 6th figure,! the force acting perpen- 
dicularly at C, the points of support being at A and B. A 
figure of this kind would obviously be without stability, but 
modified as shown by fig. 7, the end being formed as shown 
at B,' any degree of stability may be given, and with a less 
quantity of material than when the depth is diminished as in 
the parabolic form. Also, the deflexion is less, which gives 
this form a considerable advantage for bearing purposes. In 
a beam supported in the middle, the same form may be used 
when the weights act at the ends, as in a balance. 

• Nat. Philoe. vol. i. p. 767. + Gregory's Mechaniofiy i. art. 179. 

D 
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81. When a beam or bar is regularly diminished towards 
the points that are least strained, so that all the sections are 
similar figures, whether it be supported at the ends and 
loaded in the middle, or supported in the middle and loaded 
at the ends, the outline should be a cubic parabola ; * and if 
the section of the beam be a circle at the point of greatest 
strain, the form of the beam should be that generated by the 
revolution of the cubic parabola round its axis, the vertex 
being at the point of least strain. 

But in practice, a frustum of a cone or a pyramid will 
generally answer better, the diameter of the point of greatest 
strain being to that at the point of smallest strain as 3 : 2.t 

The same figure is proper for a beam fixed at one end, and 
the force acting at the other; consequently, it is a proper 
figure for a mast to carry a single sail. 

32. If a weight be uniformly distributed over the length 
of a beam supported at both ends, and the breadth be the 
same throughout, the line bounding the compressed side 
should be a semi-ellipse when the lower side is straight, | as 
shown in fig. 8. 

Instead of an ellipse, I usually make the compressed side a 
portion of a circle, of which the radius is equal to the square 
of half the length divided by the depth of the beam. The 
dotted line in fig. 8 shows this form. 

The same form of equal strength should be employed when 
the beam is intended to resist the pressure of a load rolling 
over it ; hence the beams of a bridge, the rails of a waggon- 
way, and the like, should be of this figure, 

33. If a beam has to bear a weight uniformly distributed 
over its length, and its depth be everywhere the same, the 
beam being supported at both ends, then the outUne of the 
breadth should be two parabolas A C B, A D B, set base to 

* Qrogory*8 Mechanics, I art. 181, or Emereou's Mechanics, prop. Izxiii. cor. 1. 
f Such a cone or pyramid vriH include the figure of equal strength, the subtaogent 
of the curve being three times its abscissa. 
t Qregory*s Mechanics, i. %ft. 182, or Kmerson^s Mechanics, prop. Izziii oor. 8. 
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base, theii- vertices C and D being in the middle of tlie length, 
as shown in the next perspective sketch.* In practical cases, 
the arcs A C B, A D B, may be portions of circles. 



When the ends are modified as in fig. 7, Plate I., this will 
be the most advantageous form for a beam for supporting a 
load uniformly distributed over its length, as lintels, bres- 
summers, joists, and the like. 

34. When a beam is fixed at one end only, and has to 
support a weight uniformly distributed over its length ; if the 
breadth of the beam be every where the same, the form of 
equal strength is a triangle A C B,t fig- 21, Plate III. 

35. If a beam be fixed at one end only, and the weight be 
imiformly diffused over the length, the sectioa being every- 
where circular, then the form of equal strength would be that 
generated by the revolution of a semi-cubic parabola round 
its axis. I 

It will be sufficient in practice to employ the frustum of a 
cone of which the diameter at the unsupported end is one- 
third of the diameter at the fixed end.^ 

• Young'B Nat. PliiL i. p. 767. 

t Emenoa'a Mocbanics, prop. Ixiiii. cor. 2. i Ibid, 

I For tb« equiUon of the curve Ib, 



.-,'; 



fie = the lubtnugeDt = I'G x ; 
and the Unj^h ot tho cone that would iudude the foru of grMtcst atrangUi is I'C 
Umoa tho length of the beam. 



SECTION IV. 

OF THE STRONGEST FORM OF SECTION. 



36. When a rectangular beam is supported at the ends, 
and loaded in any manner between the supports, it may be 
observed that the side against which the force acts is always 
compressed, and that the opposite side is always extended ; 
while at the middle of the depth there is a part which is 
neither extended nor compressed ; or, in other words, it is 
not strained at all. 

Any one who chooses to make experiments may satisfy 
himself that this is a correct statement of the fact, in any 
material whatever ; whether it be hard and brittle as cast iron, 
zinc, or glass ; or tough and ductile as wrought iron and soft 
steel ; or flexible as wood and caoutchouc ; or soft and ductile 
as lead and tin. In very flexible bodies it may be observed 
by drawing fine parallel lines across the side of the bar before 
the force is applied; when the piece is strained the lines 
become inclined, retaining their original distance apart only 
at the neutral axis. In almost all substances, the fracture 
shows distinctly that a part has been extended, and the rest 
compressed; and in some substances, as wood, lead, tin, 
wrought iron, &c., the place of the axis of motion may be 
observed in the fracture. It was first noticed in experi- 
ment, and applied to correct Galileo's theory by Marriotte.* 

* Treatise on the Motion of Water, &c., translated by Deeagullere, p. 248, 8to. 
Londoni 1718. 
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Coulomb * and Dr. Young have made it the basis of their 
investigations, the latter showing the important fact that an 
oblique force changes the position of this axis ; f as has been 
investigated more in detail in this Essay. Lately the place 
of the neutral axis in horizontal beams has been more closely 
examined by Barlow in a numerous course of experiments ; { 
and Duleau has ingeniously shown its place by experiment on 
wrought iron.§ The same thing is exhibited in a refined and 
beautiful contrivance of Dr. Brewster's, which he calls a 
teinometer, and employs to measure the eflfect of force on 
elastic bodies. || 

The strains decrease from each side towards the middle, 
and in the middle they are insensible. I will call the part at 
the middle of the depth the neutral axis, or axis of motion. 
See Sect. VII. art. 107. 

37. In the case of equilibrium, between the straining force 
and the resistance of a beam, it is a necessary condition that 
the resistance on oue side of the axis of motion should be 
exactly equal to the resistance on the other side ; or, that the 
force of compression should be equal to the force of extension. 
Now, in practice, a body should never be strained beyond its 
power of restoring itself ; and as it is known from experience, 
that while their elastic force remains perfect, bodies resist the 
same degree of- extension or of compression with equal forces, 
it is obvious that, in the section of a beam of the greatest 
strength, the form on each side of the axis of motion should 
be the same ; because whatever is the strongest form for one 
side of the axis must be equally so for the other. Hence, 
the axis of motion in beams of the greatest strength will 
always be at the middle of the depth.! 

* Mdmoires de TAcaddmie des Sciences. Paris, 1778. 
f Lectures on Natural Philosophy, vol. ii. p. 47, 4 to. LoiidoD, 1805. 
X Eesay on the Strength of Timber, &c., 8to. London, 1838. 
§ Ettai Thdorique et Experimental sur la R^istance du Fer Forgd, p. 26, 4 to! 
Farifl, 1820. 

II Additions to Ferguson's Lectures, vol. ii. p. 282, 8to. Edinburgh, 1823. 

^ These reniai'ks apply only to bodies subjected to very moderate strains, par- 
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38. And, as it is shown by writers on the resistance of 
solids, that the power of any part in the same section is 
directly as the square of its distance from the axis of motion, 
(art. 108,) when the strain upon it is the same, it is obviously 
an advantage to dispose the parts of the section at the greatest 
possible distance from the axis of motion, provided that the 
middle parts be kept sufficiently strong to prevent the strain- 
ing force from crushing the extreme parts together, and that 
the breadth be made sufficient to give stability. 

39. It must also be observed that when the parts are not 
of equal thickness, the metal cools unequally, and therefore is 
partially strained by irregular contraction ; it is sometimes 
even fractured by such irregular cooling : for this reason, the 
parts of a beam should be nearly of the same size. A good 
founder may generally reduce the danger of irregular cooUng, 
but it is always best to avoid it altogether. 

40. The form of section which I usually adopt in order to 
fulfil these conditions is represented in fig. 9.* A M is the 
axis of motion ; the parts on each side of the axis of motion 
are the same ; the metal is nearly of equal thickness, and the 
parts necessary to give strength and stability are disposed at 
the greatest distance from the axis of motion. 

A section of this form is adapted for many purposes ; such, 
for example, as the beam of a steam engine, as in fig. 26 ; or 
for supporting arches, as in fig. 10, for girders, bearing beams, 
and the like. 

41.^^When it is necessary to leave some part of the middle 
of the beam quite open, or when the depth is considerable, 
I have recourse to another method, which has, in such cases, 
a decided advantage in point of economy. It consists in 

tieularly in oast iron; Binoe that metal requires, on the aTerage, nearly seyen times 
as much force to crush it as to tear it asunder, and the breaking strength of beams 
depends upon these forces. — Editor. 

* This is not the form of greatest strength to resist fracture; and the beam pro- 
posed in the next article (fig. 11, Plate II.) breaks irregularly, and is remarkably 
weak. See Additions.— Editob. 
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making the compressed side of the beam, or that against 
which the force acts, a series of arches, and the other side a 
straight tie. (See fig, 11, Plate II.) If the tie be not 
straight, there is a great loss of strength, and a greater loss 
of stiffness. 

In this figure, the thickness is supposed to be everywhere 
the same, and the narrowest part of the curved side of the 
same width as the straight side ; or, so that the area of the 
section at A B may be the same as the area of the section 
at CD. 

The sketch in the figure is for the case in which the load is 
uniformly distributed over the length, and then the upper 
side should be the proper curve of equilibrium for an uniform 
load. This curve is a common parabola, but a circular arc 
will always be sufficiently near when the rise is so small. The 
upper part of the beam forms an arch, of which the continued 
tie forms the abutments, and the smaller arches are merely to 
connect the two parts and give stability to the whole. 

The connexion thus formed is necessary for supporting the 
tie ; and in consequence of this connexion the effect of the 
straining force will be similar to that on a solid beam. 
Several girders and beams for floors have been formed on this 
principle ; and a simple method of proportioning them will be 
found in the second Section. 

All the parts should be kept as nearly as convenient of the 
same bulk, to prevent irregular contraction. 

42. If the load be distributed in any other manner, the 
curve should be the proper curve of equilibrium for that load.* 

For if it be not the proper curve, partial strains will be 
produced in the beam, which will impair its strength. The 
curve of equilibrium should pass everywhere at the middle of 
the depth of the curved part of the beam, and should meet 
the axis of the straight tie in the centres of the supports 

* Tho method of finding the ourre of equilibrium is shown in my '* Elementary 
Principles of Carpentry/' Sect. I. art. 47-61. 
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[sect. rr. 



upon which the beam rests. Thus A C being the curve of 
equilibrium, A D the axis or centre line of the tie ; A B 
should be the centre of the support on which the beam rests. 
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43. If the load be applied at one point, the upper side 
should be formed of two straight lines, meeting in the point 
where the load is to rest, as at A in fig. 13. 

The openings should be disposed as may best answer the 
purpose for which the beam is intended, but they may 
generally be from 2 to 3 feet each. When such beams, as 
fig. 11, are used as girders, the openings receive the binding 
joists instead of mortises. 

44. When a beam is to bear a load at one end, the other 
being fixed ; or when a beam is loaded at both ends and the 
support is in the middle ; then the tie should be the upper 
part of the beam: it should obviously be straight for the 
reasons already assigned ; and the other parts should be 
straight also, except the small degree of curvature which 
would cause the weight of the part to be balanced by the 
forces concerned. Indeed, the arrangement for this strain 
should be the same as fig. 12 inverted, the support being at 
A, and the load at B and D. 

45. But when the load is uniformly distributed over the 
length, the lower side A C, in the aimexed figure, should be 
curved; the proper curve for an uniform load being a 
common parabola with its vertex at A. By a combination of 
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such beams, a bridge might be formed which would have no 
lateral pressure ou its piers or abutments. C B being one of 
the piers, the d^tance between the points C and J) may very 
easily be so arranged, that a given force at A or B would not 
disturb the equiUbriom of the frame. 

A bridge of this kind would not be affected by contraction 
and expansion ; because no connexion would be necessary at 



the junction of the beams at A, but such as would allow of 
the motion of contraction or expansion without injury. 

In a design for a large bridge on this principle, which I 
made some years ago, it was contrived to put together in 
parts, without the assistance of centering ; the open work of 
the spandrils being composed of vertical and diagonal supports 
and braces. , 1 1' I ' V I ' 1 



SHAFTS. ;^ CALII-i t|;NIA. 

46. When a beam revolves, while the straining force 
continues to act in the same direction upon it, that form is 
obviously the best which is of the same strength to resist a 
stress at any point of the perimeter of its section, and the 
circle is the only form of section which has this property.* 

* Tbis conoluaiaii IiM been o^ectod to by Navier (ApplioatioD de la Mricnuiquo, 
nota to art. 40i) in the rollowing terma : — 

" The moat convealent Ggnn for axM of rotation ii made a mbject of inquiry tn 
Ui* Practical Edaj-s on Uill-work bj Buchanan, with note* by T. Tredgold, and n- 
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If a shaft be of any other form than cylindrical, the flexure 
will be different in different parts of the revolution, and 
therefore the motion will be unsteady, and particularly in 
new work. In a square shaft (and such shafts are chiefly 
employed), the resistance to pressure at one point is to the 
resistance to the same pressure at another point in the peri« 
meter as ten is to seven nearly (art, 112). In feathered 
shafts, that is, shafts of which the section is similar to fig. 13, 
the resistance is more regular, but not perfectly so.* 

For the same reasons, the sections of the masts of vessels 
should be circular. 

47. As the circle is the best form for the section of a shaft, 
a hollow cylinder will be the strongest and stiffest form for a 
shaft ; and the same form is also best calculated for resisting 
a twisting strain to which all shafts are more or less exposed. 

The idea of making hollow tubes for resisting forces that 
often change their direction, has been undoubtedly borrowed 
from nature ; but in art we cannot pursue the principle to so 
much advantage, because it is difficult to make a perfect 
casting of a thin tube ; and in shafts, &c., of small diameter, 
it is much greater economy to make them selid. 

It is usual to make hollow tubes of uniform diameter with 

edited by George Rennie, F.R.S., aod in the Praotical Essay on the Strength of Cast 
Iron. Mr. Tredgold appears to think that the circle is the only figure which gires to 
the axes the property of offering in every direction the same resistance to fleiure. 
This error proceeds from his considering the resistance to flexure as being measured 
by the expression which measures the resistance to rupture. We have already re- 
marked that a square section gave the same resistance to flexure in the direction of 
the sides and of the diagonals. But moreover, this section gives an equal resistance 
in every direction ; and the same is the case with regard to a great number of figures, 
which may be formed by combining in a symmetrical manner the cirole and the 
square. It thence results that if the axes strengtheoed by salient sides, which the 
English call feathered shafts, do not answer as well as square axes, or full cylindrical 
ones, this arises probably from their not being as well disposed to resist torsion, and 
not from the inequalities of flexure of these axes." — Editor. 

* In heavy astronomical instruments, and in all niachines whore steady and accu- 
rate movements are necestary, every attention should be paid to the effect of flexurv. 
Irregularity may be diminished by excess of strength, but it cannot be wholly 
removed. The reader who wishes to pursue this subject, as far as regards astrono- 
mical instruments, may consult the Philosophical Hagaiine, vol. Ix. p. 888, and vol, 
IxLp. 10. 
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gudgeons cast separate, to fix at the ends. The manner of 
calculating the stiffness of hollow tubes for shafts is shown 
in art. 259 and 260, and an easy popular mode at art. 18. 
When they are applied to other purposes, consult art. 178, 
and those following it in the same proposition. 



SECTION V. 

AN ACCOUNT OF SOME EXPERIMENTS ON THE RESISTANCE 

OF CAST IRON. 



48. There have been very few experiments made on the 
resistance of cast iron, in which the degree of flexure pro- 
duced by a given weight has been measured ; but the few 
that have come to my knowledge, and that are sufficiently 
described to admit of comparison, I purpose to compare with 
the rules I made use of in calculating the Tables in this 
work ; and to add several new experiments. 



MR. BANKS's EXPERIMENTS.* 

49. Mr. Banks made some experiments on cast iron, and 
noticed the deflexion, but only at the time of fracture. These 
experiments were made at a foundry at Wakefield. The iron 
was cast from the air-furnace ; the bars one inch square, and 
the props exactly a yard distant. One yard in length 
weighed exactly 9 ibs., excepting one, which was about half 
an ounce less, and another a very little more. They all bent 
about an inch before they broke. 

1 at bar broke with 963 lbs. n 

2d bar broke with 958 " I ^^^ 

8d bar broke with 994 " J ^^^i^*^ 

4th bar, made from the capolo, broko with 864 " 

* From a treatise " On the Power of Machines," by John Banks. Kendall, 1803, 
p. 96. 



SECT. T.] £XP£KIM£NTS ON CAST IBON. 46 

50. Now the rule according to whicb the first Table was 
calculated is expressed by the equation 

•001 w L>= B D», 

in which the weight in pounds is denoted by W, the length 
in feet by L, the breadth in inches by B, the depth in inches 
by D, and the number '001 is a constant multiplier, which I 
shall sometimes denote by a. 

The rule determines the dimensions for a deflexion of as 

many fortieths of an inch as there are feet in length, or 55 ; 

and if e/ be the deflexion in inches determined by experiment, 
we have 

rf* w ^ W L 

* • ^ * • 40 • 40 d' 

which being substituted for the weight in the equation above 
it, becomes 

40 (i • 

^^- 40 B D» d 
• or. '001 « *=s . 

The equation, in this form, may be called a formula of 
comparison, as when the value of a determined by it is the 
same I have used, or neariy the" same, it will be evident that 
the Table is calculated from proper data. 

51. Taking the mean of the first three of Mr. Banks's 
experiments, we have 

40 B D» rf 40 

^ e= as •00162 sa tt* 

W \? 971 X 27 

And in the bar from the cupola, or fourth experiment, 

40BD3d 40 ^^,^ 



W L» 864 X 27 



The experiments of Mr. Banks indicate therefore that he 
had employed iron of a more flexible quality, but they are 
not sufficiently accurate for establishiiig the elements of a 
practical rule, because the deflexion was not correctly 
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observed, nor observed at a proper stage of the experiment. 
For when a bar is strained nearly to the point of fracture, the 
deflexion becomes extremely irregular, and increases more 
rapidly than in the simple proportion of the weight, (see art. 
56, 63, 65, and 67,) and consequently must give a much 
higher value to a than the true one, as we find to be the case 
with these experiments. 

M. rondblet's experiments.* 

52. M. Rondelet has described some experiments on different 
kinds of cast iron in his work on building, which were made 
upon specimens of 1*066 inches square, supported at the ends, 
and loaded in the middle of the length. 



M, Hmdelett Ftrtt Experiments, Distance bettoeen the Supports 8*83 /ed. 



Weight in lbs. 


184 


201 


268 


335 


Kemorks, &c. 


Elndofixvn. 


Dafl. 
inch. 


Defl. 
inch. 


Defl. 
inch. 


Defl. 

inch. 


t 

1 


1. Oray cast iron 

2. Do. do. 


•089 
•156 


•2 
•318 


•857 
•38 


•49 
•49 


Broke with 482 lbs. • 
Broke with 482 lbs. 


2) -98 


•49 mean of deflexions, with f 
885 lbs. 1 


3. Soft cast iron 

4. Do. do. 

5. Do. do. 

6. Do. do. 


•184 

•0223 

•089 

•089 


•813 
•067 
•156 
•178 


•466 
•184 
•245 
•29 


•62 
•2 
•88 
•445 


Broke with 700 tb«. 
Broke with 1140^1. 
Broke with 375 lbs. 
Broke with 605 lbs. 

-411 mean of deflexions, 
with 385 Ibe. 


1 


4)1 ^645 



* Extracted from his Traits Tli^rique et Pratique de TArt de B&tir, tome iv. 
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M. R(niddet*8 Second Experiments. Distance hettoeen the Supports 1'9\5 feet. 



Weight in lbs. 


322 


483 


644 


805 


Romarks, &c. 


Kind of iron. 


Defl. 
inch. 


Defl. 
inch. 


Defl. 
inch. 


Defl. 
inch. 




1. Gray oast iron 

2. Do. do. 


•067 
•0445 


•089 
•089 


•112 


•134 


Broke Tvith 580 lbs. 
Broke with 1068 tbs. 
Mean of deflexions, with 
483 lbs. is '089 inch. 


3. Soft caat iron 

4. Do. do. 


•0445 
•0445 


•089 
•067 


•184 
•134 


•153 


Broke with 1770 Ibe. 
Broke with 1860 lbs. 

Mean of deflexions with 
483 fts. is '078 inch. 


2) -156 


•078 



In order to compare these results with the formula used in 
calculating the Tables, I have taken the mean deflexions 
corresponding to the load of 335 lbs. in the long pieces, 
and to 483 lbs. in the short ones; and in the gray cast 
iron. 

For the long lengths a — '00134 

For the short lengths a => '00135 

In the soft cast iron, 

For the long lengths as '00112 

For the short lengths a = '00118 

These values of a were calculated by the formula of com- 
parison given in art. 50, and the latter ones nearly agree with 
that employed to calculate the Table. 



MR. EBBELS S EXPERIMENT. 



53. According to a trial communicated to me by Mr. R. 
Ebbels, a bar of cast iron, 1 inch square, and supported at 
the ends, the distance of the supports being 3 feet, the 
deflexion in the middle was ^ths of an inch, with a weight of 
308 S>s. suspended from the middle. The iron was of a hard 
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kind, not yielding very easily to the file; it was cast at a 
Welsh foundry. 

In this trial we have 

40 B D» d 40 X 8 nAAnAA 

^__ Bs 3B *000902 = a. 

L» W 27 X 808 X 16 

Consequently, iron of this kind is about i\)th stronger than 
that which the Table is calculated from, or rather it would 
bend x\)th part less under the same strain. 

Experiment 1. 

54. A joist of cast iron of the form described in fig. 9, 
Plate 1., was submitted to the following trials. It was 
supported at the ends only; the distance between the 
supports 19 feet, and placed on its edge. The deflexion 
from its own weight was 4^ths of an inch. 

When it was laid flatwise, the deflexion from its own 
weight was 3*5 inches, the distance of the supports remaining 
19 feet. 

The whole depth a d, fig. 9, was 9 inches, the breadth, a b, 
was 2 inches ; the depth of the middle part, e /, was 7^ 
inches ; and the breadth of the middle part f ths of an inch. 

55. It may be easily shown that to derive the value of a, 
from the experiment on the edge, we may use an equation of 
this form, (see art. 192 and 215,) 

40 B p a d (1 -i^q) ^ 64 B D» d (1 -f^q ) . 
^^ iWL3 ~ ~WL» ' 

in which D is the whole depth, and p D the depth of the 
middle part, and B the whole breadth, and q B the breadth 
after deducting that of the middle part. 

In our experiment D = 9 inches, and p D = 7*5, or 
jt? = -883. Also, B = 2 inches, and deducting f ths, the 
breadth of the middle, we have j' B = 1*25, or ^^ = '625. 
And the weight of the part of the joist between the supports 
being 540 fibs., we find a = '00124. 
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The equation for finding the value of a, in the experiment, 
with the joist flatwise, is 



Where 



W \r 






I consider the value of a derived fix)m the experiment with 
the joist flatwise as nearest the truth, because the deflexion 
was so considerable, that a small error in measuring it would 
not sensibly afifect the result, while there must be^'some un- 
certainty in ascertaining so small a deflexion as ^ths of an 
inch in 1 9 feet ; and a very small error in this measure would 
cause the difference between the results. I have, however, 
given it, as I determined it at the time, and the manner of 
calculation may be useful in other cases. If the mean be 
taken between the results, it is 

•00124 + 00092 ^^,^„ 
5 = 'OOIOS. 

In the experiment flatwise, we obtain a constant multiplier 
extremely near to that determined from a bar of the same iron 
an inch square, and 34 inches long (art. 57), and it differs 
only about i^th part from the one employed for calculating 
the Table, page 12, art, 5. 

Experiment 2. 

56. I now purpose describing the direct experiments I have 
made for obtaining the constant multipliers used in this work ; 
I call experiments direct when known weights are applied as 
the straining force, without the intervention of mechanical 
powers, without loss of effect from friction, or a risk of error 
in estimating the quantity of force, when the yielding of the 
supports cannot affect the measure of the deflexion, and when 
the deflexion can be accurately measured. 

The iron I used was soft gray cast iron ; it yielded easily 

s 
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to the file, and extended a little under the hammer, before it 
became brittle and short.* 

The first experiment was made with a bar of an inch square, 
cast by Messrs. Dowson, London, with the supports 34 inches 
apart; the weights were placed in a scale suspended from the 
middle of the length ; the load was increased by 10 lbs. at a 
time, and the deflexion measured each time, the quantity of 
deflexion being multiplied by means of a lever index. The 
whole time of making the experiment was nearly four hours ; 
the thermometer varying from 65 to 66 degrees. Only half 
the number of observations is inserted here. 



Weight 
in lbs. 



20t 

40 

60 

80 
100 
120 
140 
160 

180 

200 
220 



I>efl. in 
inch. 



•02 
•03 
•04 
•05 
•06 
•07 
•08 
•09 

•10 

•11 
•12 



Remarks. 



unloaded, and it 
returned to ite 
natural state. 



! Weight 
in tbs. 


Defl. in 


inch. 


240 


•18 


260 


•14 


280 


•16 


800 


•16 


320 


•17 


340 


•18 


860 


•19 


380 


•20 


400 


•21 


410 


•22 



BemarlcA. 



(unloaded, and it returned to iti 
natural state. 



! deflexion became irregular; and 
when the load was remoTed, it 
had taken a permanent set, with 
a curvature of •OlS inch. 



From this experiment we find that the deflexion of cast iron 
is exactly proportional to the load, till the strain arrives at a 
certain magnitude, and it then becomes irregular ; and at or 
near the same strain a permanent alteration takes place in the 
structure of the iron, and a part of its elastic force is lost. 
The same thing occurs in experiments on other metals: I 
have tried wrought iron, tin, zinc, lead, and alloys of tin and 
lead, with a view to measure their elastic forces, and the 
strains that produce permanent alteration. 

* A considerable degree of malleability is a good quality in cast iron for bearing 
purposes, because it lessens the risk of sudden failure. The iron was a mixture of 
Butterly iron, two parte, with one part of old iron. 

t The weight of the scale, 8 lbs., ought to haye been added. 
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57. According to this experiment. 



40 B D» d 40 X -21 ^^^^^ 

■wii — 4-orr227 -'^^^^ 



Eosperiment 3. 

58. The next experiments were made with an uniform bar 
of iron, cast by Messrs. Dowson, 3 inches by 1 and 1^ inches, 
and 6*5 feet between the supports. When this bar was 
placed on its edge, and loaded in the middle with 

150 Ibt. the deflexion in the middle wia 1 fortieth of an inch. 
290 Ibe. . . .2 da 

SeOlbs 2i do. 

440 Ibe. 8 do. 

The same deflexions were observed in removing the load, 
and it perfectly regained its natural state. Whence we have, 

40BD»d 1-5x27x8 __^- , 

a =s *00105 nearlT » a. 

W L" 440 X 274^25 ^^' * 



Ewperiment 4. 

59. The same piece, with the supports at the same distance, 
placed flatwise, and loaded in the middle with 

ISO Ibe. the deflexion in the middle was 5 fortieths of an inch. 
860 Iba. 10 do. 

The bar restored itself perfectly when the weights were 
removed, and the trial was repeated with the same results ; 
the load, of S60ibs., remained upon it ten hours without 
impairing its elastic force, or increasing the deflexion in the 
slightest degree. 

60. From this and the preceding experiment, the ratio of 
the breadth and depth to the quantity of deflexion may be 
compared when the weight is the same. According to the 
theory of the resistance to flexure (art. 256), 






X2 
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and for the weight of 360fts. we have 

::2i: ««.^ =10, 



la X 8» • 8 X 1-63 • • -- • 22-5 



as it was found to be by experiment. 

To find the constant multipUer from the last experiment, 
we have 

40BD8d 8x8-876x10 



W L» 360 X 274-625 



= -00102 = a. 



This value of a does not exactly agree with the one 
calculated from the first experiment on the same piece ; but 
it is as near as can be expected in a case of this kind; and in 
a practical point of view it is as near an approach to accuracy 
as the nature of the subject requires. 

Experiment 5. 

61. I was desirous of trying the eflfect of an uniformly 
distributed load, and my weights, which are cubical pieces of 
cast iron, all of the same size, and each weighing lOibs., are 
very well adapted for the purpose. 

The same piece that was used for the last experiment was 
laid flatwise upon supports, the supports being 6 feet 6 inches 
apart, and 18 weights (in all ISOJbs.) were laid along the 
upper side, just so as to be clear of one another, in the 
manner shown in fig. 2, Plate I. The deflexion produced by 
these weights was ^ths of an inch. 

A second tier of weights being added, making the whole 
weight upon the bar 360ibs., the deflexion was 4^ths of an 
inch. 

62. Hence it appears, that when the weight is uniforndy 
distributed over the length, the deflexion is directly as the 
weight. 

And comparing this with the preceding experiment, it 
appears, that the deflexion from the weight uniformly dis- 
tributed over the length, is to the deflexion from the same 
weight applied in the middle of the length, as 6 is to 10. 
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The proportion obtained by theoretical investigation is as 6 
is to 8 ; but as 6 : 10 : : 5 : 8^. This small diflference arises 
undoubtedly from error in measuring the deflexions in the 
experiments. 

To compare the value of the constant multiplier by this 
experiment, the equation • . • ^ j ^ 



40BD«c£ 



sa 



i^^' I \ I \ » i:>ri V <M 

must be used, whence we find a ='00098- . , 4 i i i ^ 1 1 • v I \ 

Experiment 6. 

63. This experiment was made upon a piece of iron cast 
by Messrs. Bramah, of Pimlico, London. It crumbled sooner 
under the hammer than that used in the preceding experi- 
ments, and did not yield quite so readily to the file ; it was 
regular and fine-grained. 

The piece was uniform, and i^ths of an inch square ; the 
supports were 3 feet apart, and the weight was applied in the 
middle of the distance between the supports. 



Weight 


Defl. In 


inllM. 


inch. 


20 


•02 


«0 


•04 


60 


•06 


80 


•08 


100 


•10 


120 


•12 


140 


14 


160 


•162 


180 


•183 


200 


•21 



Romarka. 



f When unloaded it returned to 
its original form : loaded again, 
the deflexion was the same, and 
it remained loaded 1 2 hours with- 
out sensible increase, when on 
being unloaded it was found to 
have acquired a permanent set of 
•02 in. The index was set to 
nothing, and the weights pro- 
duced the 'same deflexions as at 
firat ; and it was further loaded 

Las described. 



Weight 


Defl. iu 


ill lbs. 


inch. 


220 


•225 


240 


•245 


260 


•27 


280 


•298 


800 


•318 


820 


•34 


840 


•865 


860 


•892 


880 


•42 


400 


•445 


420 


•475 


440 


•6 


460 


•532 


1 480 

1 


•57 



Remarks. 



When this load 
had been on 20 
minutes, it be- 
came *82 inch. 



which became in 
an hour *58. 



When the weights were removed, the piece retained a per- 
manent deflexion of '075 inch ; but it was several hours 
before it returned to that curvature. I did not break the 
specimen, because I had not weight enough by me for that 
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purpose, neither would it have given a fair measure of the 
strength of the iron after the trials I have described ; but I 
hope the effect of these trials will make the reader sensible of 
the necessity of limiting the strain within the range of the 
elastic force of the material. 
According to this experiment, 



40BD»cl 40x-9^x-21 



WL» 



200 X 27 



= •00102 - 0. 



COMPAEISON OF THE PRECEDING EXPERIMENTS. 

64. If the mean value of the constant a be taken for the 
experiments from art. 53 to 63, it is 00010446. The 
number used in calculating the first Table (art. 5, p. 9) was 
O'OOl, a sufficiently near approximation, with the advantage 
of much simplicity. 

Experiments 7, 8, and 9. 

65. The next trials were made with specimens formed as 
shown in fig. 4, Plate I., with the deepest part C D exactly 
in the middle of the length, and the depth, at CD, 0*975 
inch ; the depth E A and B F were each half that at C D. 
The distance of the supported points A B was 3 feet, and the 
breadth of the bars 0*75 inch. The load was suspended from 
the point C in the middle of the length, and the deflexion was 
measured at the same point: the load was increased by lOtbs. 
at a time. 



Weight aotlng on 


1st Specimon. 


2Dd Bpedmon. 


.Ird Specimen. 


th«bar. 


Beflez. produced. 


Deflez. produced. 


Deflex. produced. 


Ibf. 


in. 


in. 


in. 


40 


•052 


•065 


•062 


80 


•104 


•18 


•105 


120 


•16 


•19 


•16 


160 


•215 


•25 


•21 


180 


•245 


•28 


•24 


200 


•272 


•82 


•265 


600 


•84 






540 


Broke. 
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On the first specimen the load of ISOfts. remained twelve 
hours ; the deflexion did not sensibly increase, and it returned 
to its natural form when unloaded ; it was again loaded to 
200fi>8., which remained upon it two hours ; it was then un- 
loaded again, and was found to have taken a permanent set 
with a deflexion of '005 inch. The specimen was then loaded 
again, and the deflexions observed at every 20ibs. : the de- 
flexion produced by the addition of 201bs. was at first '026, 
became '03, '04, and towards the end of the experiment '05. 
When the load had been increased to 360ibs., in every 
succeeding addition of lOibs. I observed that the deflexion 
increased by starts of as much as joo^^ ^^ ^^ ^^^^ ^^^^y 
which appeared to be caused by the ends sliding on the sup- 
ports, at the moment the weight was added ; the bar emitted 
a slight crackling noise, like that produced by bending a 
piece of tin. There was a small defect in the bar at the place 
where it broke, which was 4 inches distant from the middle. 

When the second specimen was unloaded, immediately, 
from a weight of 2001bs. it barely returned to its natural 
form; but a load of 180B)s. produced a permanent deflexion 
of 005 when it remained upon it fourteen hours. 

The load of 200tbs. remained twenty-one hours upon the 
third specimen, and when it was unloaded the index returned 
to zero ; therefore this strain was less than would produce a 
permanent set. The set was nearly '01 when the load was 
increased to 210Ibs., and remained upon it ten hours. It 
was a smoother and better casting than the other specimens. 

There did not appear to be any sensible difference in the 
quality of the iron in these specimens, except that the second 
specimen was more brittle under the hammer than the other 
two. They were all fine grained, and yielded easily to the 
tile. They were cast by Messrs. Bramah. 

66. I was proceeding with a trial of a piece of the same 
kind of iron, formed as described in fig. 4, Plate I., when it 
broke suddenly, at about a foot from the end, at an air 
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bubble. The bubble was not apparent on the surface, and 
yet so near it, that a slight stroke of a hammer would have 
broken into it. Founders should be very careful to avoid 
defects of this kind; and beams to sustain great weights 
should always be proved to a deflexion within their range of 
elasticity before they are used- 



Experiments 10, 11, and 12. 

67. These trials were made on three pieces of imifomi 
breadth and depth, with the supports 3 feet apart, the load 
being applied in the middle of the length. The depth '9 
inch, and the breadth the same. 



Weight acting on 


1 

' Iflt Specimen. 


2nd Specimen. 


8rd Specimen , 


the bar. 


Deflcx. produced. 


Deflex. produced, 
in. 


Deflex. produced. . 
in. 


Ibfl. 


in. 


40 


•041 


•042 


•041 


80 


'082 


•09 


•08 t 


120 


•124 


•186 


•12 1 


160 


•165 


•18 . 


•16 


180 


•r85 


•202 


•18 


200 


•206 




•20 



The load of 200 lbs. remained twelve hours on the first 
specimen, and when it was unloaded the quantity of per- 
manent deflexion was barely sensible ; and it was loaded and 
unloaded again with the same result. 

The load of 180 fts. remained three hours on the second 
specimen ; it had not increased the deflexion, but when the 
load was removed, it was found that the bar had acquired a 
permanent set of nearly -^^^ of an inch. 

In the third specimen the bar returned perfectly to its 
natural form when the load was removed, after being upon 
it three hours. 

Of these specimens the third was the most brittle under 
the hammer, and the hardest to the file; there was not a 
sensible difference between the other two \ both were soft 
iron. These specimens were cast by Messrs. Bramah. 
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68. The chief object in view in the experiments No. 2, 6, 
7, 8, 9, 10, and 11, was to determine the strain a square 
inch of cast iron would bear without permanent alteration, 
and the extension corresponding to that strain. Calling/ 
this strain in pounds, the experiment 2 gives /= 15,300 lbs. 
= 6'8303 tons, as calculated in art. 143 ; and the others 
being calculated by the same formula, in experiments 6, 10, 
and 12,/ =14,814 ; in experiments 7, 8, and 9,/ = 15,160 ; 
and in experiment 11,/= 13,333 lbs. The greatest dif- 
ference amounts to about ^th of the highest value of/; but, 
in the experiment 2, the load was taken off after remaining 
only about ten minutes on the bar ; in the others it remained 
for several hours. The former I consider most strictly 
applicable to practice ; and yet it was desirable to show that 
a force acting a considerable time will produce a permanent 
set, when the same force could not produce it in a few 
minutes. 

69. In art. 212, it is calculated that the extension pro* 

duced by the strain of 15,300 lbs. in experiment 2, was ^^ 
of the length;* and by the same mode of calculation the 
extension in experiment 6 is found to be jjjg, in experiment 

10, jY65> ^ experiment 11, jjyj, and in experiment 12, ^^^ 
Also, by the equation, art. 127, the extension in experiment 
7 is found to be jjgj, in experiment 8, jjgg, and in experiment 
9 -i- 

^' 1367* 

The difference between the extension in the 8th and 9th 
experiments is the most considerable ; and the mean between 

these is j^, which differs very little from y2oJ> t^© number 
used in the rules. 

70. A Table of the chief experiments that have been made 

* The extenaioxi in oxpenment 2 has been re-calcuhited, and found to be the same 
as hora stated, by Professor Leslie^ whose mode of calculation is different. See 
Leslie's Elements of Natural Philosophy, vol. i. p. 240. Edinburgh, 1828. 
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on the absolute strength of cast-iron bars to resist a cross 
strain, the bars supported at the end, and loaded in the 
middle. 









Length 
botween 


No. 


Dotoriptiou. 




th« 8up- 
iwrUm 












1 
• 

1 


feet. 








ft. iu. 


1 


Uniform bar 


• • ■ 


8 


2 


Ditto 


... 


8 


3 


Ditto 


• • • 


2 6 


4 


Ditto 


• • • 


8 


5 


Ditto 


• « • 


3 


6 


Ditto 


• « a 


8 


7 


Ditto cast from 




8 


the cupola. 


fi 


Parabolic bar coat ) 


8 


o 


from the cupola. 


i 


9 


Uniform bar 




8 


10 


Ditto 




2 8 


11 


Ditto 




] 4 


12 


Ditto 


... 


2 8 


18 


Ditto 


• ■ " 


1 4 


14 


Ditto 




2 8 


15 


Ditto 




1 4 


16 


Ditto 




2 8 


17 


Semi-ellipse 




2 8 


18 


Parabolio 




! 2 8 




( Uniform strain in ) 




10 


< tbe direction of 


\ 


2 8 




(diagonal... 


■■) 


1 

1 



j DimenaloDs 
at the 

> stndned 
point in 
inches. 


Weight in 
lbs. tliat 
broke it. 


CalcaUted 
weight that 

would de- 
stroy elastic 
force in Ihs. 


Ratio of tlM 

calculated 
weight to . 
the breaking 
weight. 


,brdth. dpth. 
. 1 1 


756 


283 


1:2 7 


! 1 1 


735 


283 


1:2-6 


1 1 


1008 


840 


1:2-96 i 


1 1 


968 


288 


1:8-4 


1 1 


958 


288 


1 : 8-38 


1 1 1 


994 


288 


1:8-5 


1 1 

1 


864 


288 


1 : 805 


1 

1 1 


874 


288 


1 : 808 


1 1 1 


897 


283 


1 : 8-17 


, 1 1 


1086 


818-75 


1:3-4 


• 1 1 


2820 


687-5 


1 : 8-6 


2 i 


2185 


637-5 


1 : 3-4-2 


1 2 4 


4508 


1275 


1 : 8-63 


' 8 i 


> 3588 


956-25 


1 : 8-68 


1 8 i 


! 6854 


1912-5 


1 : 3-58 


= 4 i 


1 8979 


1276 


1 : 8-12 


' 4 i 


, 4000 


1275 


1 : 3-14 


: 4 i 

1 


3860 


1275 


1 : 308 


1 


; 851 

1 


224*5 

1 


1:8-79 

r 



The two columns on the right hand side are added to show 
the relation between the load which permanently destroys a 
part of the elastic force, and that which breaks the piece. It 
will be seen that the load which would produce permanent 
alteration, accordmg to the formula as derived from my 
experiments, is about -^rd of that which actually broke the 

specimens ; in the worst kind tried, it is ^ of the breaking 

weight. 

In the preceding Table, the experiments 1, 2, and 3, were 
made by Mr. Reynolds. No. 1 was twice repeated with the 
same result. No. 2 is a mean of three experiments.* Hence 



* Banks on the Power of Hacliined, p. 89. 
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the mean ratio will be about 1 : 27. The experiments No. 4, 
5, 6, 7, and 8, were made by Mr. Banks ; * the mean ratio 
being 1 : 3*3. The rest were made by Mr. George Rennie, 
and all of the bars of his experiments were cast from the 
cupola ; t the mean ratio being 1 : 3*4. 

71. Allowing that the preceding experiments are sufficient 
to fix with considerable certainty the utmost strain that ought 
to exist in any structure of cast iron, still there is abundant 
scope for new experimental research ; and that which perhaps 
may be considered of most importance is the eflFect produced 
by combining iron of di£ferent qualities. 

Through the kindness of Mr. Francis Bramah, I am enabled 
to begin this inquiry. He has furnished me twelve specimens, 
of six difierent kinds of iron ; that is, two specimens of each 
kind. Of these kinds three were run from pig iron from 
diJSerent u-on works ; one kind was run from old iron, usually 
termed scrap iron ; another kind a mixture of old iron and 
pig iron in equal parts, and the sixth kind pig iron with an 
alloy of i^th of copper. 

Before I begin to describe the experiments, it will be 
proper to inform the reader what method I pursued in 
making them. I knew, from previous trials, that the force 
which produces a permanent set cannot be determined with 
that precision which is necessary in comparing iron of 
different kinds ; we can merely observe when it is, and when 
it is not sensible ; and it is most likely that it becomes so by 
gradations which we cannot trace. It was desirable to ascer- 
tain whether a load equivalent to 15,300 lbs. upon a square 
inch would produce a set or not ; and a load of 162 ibs., on 
the middle of a bar of the size of the specimens, causes that 
degree of strain : hence, in specimens of the same size, the 
flexure by this load gives the comparative power of the 

* Banks on the Power of Machinee, p. 90. 

t Philosophical Transactions for 1818, Part I., or Philoaophioal Magaaine, toL liii. 
p. 178. 
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different kinds, particularly when compared with the quantity 
of set produced by this or some additional load. But in 
specimens of different sizes, the comparison is most easily 
made by calculating the modulus of resilience, or resistance 
to impulsion, which gives the toughness or relative power of 
the material to resist a blow. Yet, even then it should be 
tried what strain will produce permanent alteration, or that 
which causes fracture, otherwise the comparative goodness of 
the iron will not be known : I have tried both in each of the 
varieties of iron. 

For all purposes where strength is required, that iron is to 
be esteemed the best which will bear the greatest degree of 
flexure vrithout set, and the greatest load. The worst and 
most brittle pieces of iron have the greatest degree of stiff- 
ness ; consequently the highest modulus of elasticity ; for 
even the most flexible kind of iron is sufficiently stiff.* 

In the iron which was taken as a good medium to calculate 
from (see experiment, art. 56), we found 

The force that it would bear without permanent alteration 15,S00 fhs. 

The extension in parte of the length extended . ^ 

The modulus of elasticity for a base 1 inch square . . 18^400,000 fta. 

The modulus of resilience 12*7 

These numbers being compared with the results of the 
experiments now to be described will afford the means of 
judging both of the qualities of the iron experimented upon, 
and of the fairness of the mean data I have employed. 

OLD PARK IRON. 

72. Two specimens run from this kind of pig iron, each 

* I have here followed the principles of comparing materials which were first given 
in my ''Elementary Principles of Carpentry/' art. 868 — 373. The toughness is 
measured by the same data as in that work, only here a general number of com- 
parison is used instead of making one material a standard of comparison. The term 
modulus of retUiencef I have ventured to apply to the number which represents the 
power of a material to resist an impulsive force ; and when I say that one material is 
tougher than another, it is in consequence of finding this modulus higher fur that 
which is described as the toughest : see aria. 299 to ZOi, further on. 
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3 feet in length, and smooth, clean, and regular castings, 
were &st put in trial. The section of the bars rectangular ; 
depth 065 inch; breadth 1-8 inches; the supports 29 feet 
apart ; and the load suspended from the middle. 



Weiglit applied. 


XflDct on iBt bw. 


Efibot on 2nd ber. 


0)8. 


in. 


iu. 


60 


bent 0-1 


bent O'l 


120 


„ 0-2 


„ 0-203 


162 


„ 0-265 


„ 0-276 


182 


„ 0-S05 small set. 


Q.o. \ set barelj 
" "^^ 1 perceptible. 


100 


,, 082 set '005 


,, 0*88 set '005 



The iron was slightly malleable in a cold state ; yielded 
easily to the file. The fracture dark gray with a little metallic 
lustre ; fine grained and compact. 

We may consider 162 lbs. as the greatest load it would 
bear without impairing its elastic force; and 0*27 is the 
mean between the flexures produced by this weight ; there- 
fore, calculating on these data, we have 

The strain it would bear on a square inch without permanent 

alteration 15,890 lbs. 

Extension in length by this strain yi^ 

ModuluB of elasticity for a base of an inch square . . 17,744,000 fts. 

Modulus of resilience 18*4 

Speciac giBTity 7*092 

The absolute strength to resist fracture was tried by fixing 
the bar at one end, the load being applied by fixing a scale 
at the other end, and adding weights till the bar broke. The 
second bar tried in this manner broke with 184 ibs., the 
leverage 2 feet ; fracture close to the fixed end, metal sound 
and perfect at the place of the fracture.* 

Hence, calculating by equation, art. 110, the absolute 
cohesion of a square inch is 48,200 ibs.,t or 3*15 times 

• These are circumstances which must have place, otherwise the experiment does 
not giye a fair measure of the strength. 

+ This erroneous conclusion as to the great strength of cast iron, into which 
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15,300 lbs., the strain which has been found incapable of 
causing permanent set. ^ 

Hence I infer, that this iron is superior in toughness, and 
less stiff than the mean quality. 



ADELPHI IRON. 



73. The specimens of this iron were clean good castings of 
the same dimensions as those of Old Park iron. That is, 
depth 0-65 inch; breadth 1*3 inches; distance between the 
supports 29 feet. 



Weight applied. 


Effwt on 1st bar. 


Effect on 2Dd ber. 


Ihe. 
60 
120 
162 
182 


In. 

bent 01 

., 0-2 

f, 0*26 no set 
„ 0-8 Bet -0075 


in. 
bent 0-1 
„ 0-205 
„ 0'27 no set. 
„ 0-805 Bet '005 



Comparing this with the preceding experiments on Old 
Park iron, it is stiffer, and sooner acquires a permanent set. 
It is also somewhat harder to the file, and more brittle under 
the hammer. The colour of the fracture was a lighter gray, 
with less metallic lustre. 

Its elasticity is not affected by the load of 162 lbs. ; there- 
fore 

It will bear upon a square inch without permanent alteration 15,890 lbs. 
And the mean of the two experiments giTes the extension . t^ 

Modulus of elasticity for a base of 1 square inch • . . 18,067|000 lbs. . 

Modulus of resilience 18*1 

Specific gravity 7'07 

The second bar, fixed at one end with a leverage of 2 feet, 
broke with 173 ibs. ; the fracture close to the fixed end, and 
the place of fracture sound and perfect. 

Navier, as well as Tredgold, has fallen, arises principally from a supposition that the 
neutral line remains stationary during the flexure of the body. See "Additions," or 
Notes to Arts. 68 and 148. — Editor. 
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According to this experiment, the absolute cohesion is 
45,300 9>s. for a square inch, or 296 times 16,300 B)s. 

A comparison of these trials shows that the difference 
between Adelphi and Old Park iron is not much, but that 
the Old Park is superior, particularly in absolute strength ; 
for it required 184 lbs. to break the one, and only 173 lbs, to 
break the other. 

ALFRETON IRON. 

74. There was not a sensible difference between the size of 
these bars and the others. The depth 0*65 inch ; breadth 
1*3 inches ; distance between the supports 2*9 feet. 



"Weight applied. EfBoct on lat bar. 


Bffoot on Snd bur. 


lbs. 

60 
120 
162 
188 


in. 
bent 0-1 
„ 0-2 

„ 0-27 no set. 
„ 0*81 small set. 


in. 
bent 0*1 
„ 0196 1 
„ 0*28 no set. 
„ 0*825 small set 



This iron differs very little from Old Park, a little more 
flexible, but very little. It seemed, if anything, somewhat 
harder to the file, but of a less degree of malleability ; for 
instead of extending, it crumbled under the hammer. Fracture 
scarcely differing from that of Adelphi iron. 

These bars bore 162 lbs. without set, and the mean 
deflexion was "275. Hence, 

The iron would bear npon a square inch without permanent 

alteration 15,890 fibs. 

Extension in length by this strain • . . . . ^^ 

Modulus of elasticity for a base of 1 inch square . . . 17,406,000 fibs. 

Modulus of resilience ; 18*6 

specific grayity .... .... 7*04 

The second bar, fixed at one end, broke with 153 ibs., the 
leverage being two feet, the fracture close to the fixed end, 
and the metal sound and perfect at the place of fracture. 

The absolute cohesion, according to this trial, is 40,0001bs. 
for a square inch, or 2'63 times the force of 16,300 lbs. 
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This is a soft species of iron, and may answer extremely 
well alone, for castings where strength is not required ; but 
it is the weakest iron I have tried, and would most likely be 
much improved by mixture. 



SCRAP IRON. 

75. These bars were run from old iron. They were 
uneven on the surface, indicating that irregularity of shrink- 
age which has been noticed in the Introduction (page 8). 
The depth of the bars 66 inch; the breadth IS inches; 
the distance between the supports 2*9 feet. 



Weight applied. 


Eflbotonlstbur. 


Eflect on 2nd bar. 


9m. 


in. 


in. 


60 


bent 009 


bent 0*09 


120 


„ 0-18 


,> 0-18 


162 


„ 0'25 no set. 


n 0'255 no set. 


180 


„ 0*28 no set. 


„ 0*285 no set 


190 


„ 0*8 small set. 


Q.O J set not 
" ^^ j certain. 


210 


„ 84Bef006 


„ 084 set -004 



This iron was very hard to the file, and very brittle, frag- 
ments flying off when hammered on the edge, instead of 
indenting as the preceding specimens. 

The fracture dead or dull light gray ; no metallic lustre ; 
not very uniform ; fine grained. 

These bars showed no sign of permanent set with a load 
of 180 ibs.; but, to whatever cause this greater range of 
elastic power may be owing, it certainly would be unsafe to 
calculate upon it in practice. I shall therefore consider the 
load of 162 lbs., and a flexure of 0*25 inch, the data to 
calculate from ; accordingly, the 



Force of a square inch without permanent alteration 

Extension in length by this strain 

Modulus of elasticity for a base of 1 square inch 

Modulus of resilience 

Specific gravity .... 



15,890 lbs. 

19,180,000 fts. 
12-4 
7-219 
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Fixed at one end, with a leverage of 2 feet, the second bar 
broke with 168 lbs., with one fracture at the fixed end; but 
the bar flew into several pieces. 

This gives the absolute cohesion of a square inch 44,000 lbs., 
or nearly 2*9 times that strain which I consider to be the 
greatest cast iron should have to sustain. 

From these elements we may conclude, that a casting of 
scrap iron will be ^ stiffer than one from Old Park iron ; 
that it has ^^ l^ss power to resist a body in motion, and that 
it is less strong in the ratio of 168 to 184. 



MIXTURE OF OLD PARK AND GOOD OLD IRON IN 

EQUAL PARTS. 

76. The castings run from this mixture were even and 
clean ; such as indicate a perfect union of the materials. The 
depth 065 inch; the breadth 1-3 inches; and the distance 
between the supports 2*9 feet. 



Weight applied. 


Bflbot on let bar. 


Xffeet on 8nd bar. 


lbs. 


in. 


in. 


72 


bent 0*1 


bent 0*1 


140 


„ 0-2 


„ 0*2 


162 


„ 0*24 no set. 


,, 0-245 no Bet. 


182 


„ 0*27 no set. 


,, 0-28 no set 


202 


„ 0*3 Bmallset. 


„ 0*81 small set. 


220 




„ 0*84 8et*005 


800 




„ 0-475 set -08 



The iron was rathe* hard to the file ; it indented with the 
hammer, but was rather short and crumbUng. 

Practure a lighter gray, and more dull than Old Park iron ; 
very compact, even, and fine grained. 

The bars did not set with a load of 182 fbs., therefore the 
load of 162 lbs. is sufficiently within the limit; the flexure 
with that load is '245, consequently we may state its 
properties thus : 
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Force on a iqiiare inch that does not produce permanent 

alteration 

Extension nnder thia Btrain 

Modulus of elasticity for a base of 1 inch square 
Modulus of reeilienoe ... . . 

Specific grayity .... . . 



[eohtt. y. 



15,890 Iba. 

19,514.000 Ite. 
i2-l 
7104 



When the second bar was fixed at one end, it broke with 
174 lbs., acting with a leverage of 2 feet ; fracture close to the 
fixed end. Therefore the absolute cohesion of a square inch 
is 45,600 lbs., or very nearly three times the strain of 
15,300 lbs. 

In this mixture there is clearly too great a proportion of 
old iron; it is rather inferior to the quality of our mean 
specimen (art. 56). About one of old iron to two of the Old 
Park pig iron would be a better proportion. It is worthy of 
remark, that the absolute strength is nearly the mean of the 
two kinds which form the mixture, and so is the specific 
gravity. 






ALLOT OF PIG IRON SIXTEEN PARTS, COPPER ONE PART. 

7 7. It has been said that iron is much improved by a small 
proportion of copper ; it was desirable, therefore, to ascertain 
its effect, and the advantage, if any, of emplo3ring it. The 
breadth of the specimens 1*25 inches; the depth '675 inch; 
the distance between the supports 2*9 feet. The load which 
ought not to produce permanent alteration, about 167 lbs. 



Weight applied. 


Effect on Ist bar. 


Effect on 2nd bar. 


lbs. 
60 
122 
167 
180 
203 
800 


in. 
bent 01 
„ 0-2 

„ 0*275 no set. 
„ 0-8 no set. 
„ 0-84 set '003 
M 0-5 


in. 
bent 01 
„ 0-2 

„ 0-265 no set 
V 0-29 no set. 
„ 0-825 set -002 



These bars yielded freely to the file, but were short 
and crumbling under the hammer. I expected to have found 
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them more ductile. The fracture dark gray, fine grained, 
and more compact than Old Park iron; with less metallic 
lustre. 

The load of 167 fbs. did not produce any degree of set, the 
mean flexure by this load 0*27 ; and assuming this to be as 
great a load as it should bear in practice, we have, 

Force on a square inch that does not produce permanent 

alteration ;L5,300Ib6. 

Extension under this strain f^ 

Modulus of elasticity for a base of 1 inch square 16,921,000 Ihs. 

Modulus of resilience 13*8 

Specific grayity 7'IS 

To try the absolute strength, the second bar was fixed at 
one end, and the scale suspended from the other end; 
weights were then added till the bar broke : the fracture took 
place close to the fixed end, and it required 194 lbs. to break 
the bar. 

According to this experiment, the cohesive force of a square 
inch is 52,000 lbs., or 3*4 times the strain that will not give 
permanent alteration. 

It appears that copper increases both the strength and 
extensibility of iron. 



EXPERIMENTS ON THE RESISTANCE TO TENSION. 

78. According to an experiment made by Muschenbroek, 
a parallelopipedon, of which the side was '17 of a Rhinland 
inch, broke with 1930 ibs. ; * and since the Rhinland foot is 
1-03 English feet, and the pound contains 7038 grains, this 
experiment gives 63,286 ibs. for the weight that would tear 
asunder a square inch, when reduced to EngUsh weights and 
measures: 

79. An experiment made by Capt. S. Brown is thus de- 
scribed : " A bar of cast iron, Welsh pig, 1^ inch square, 3 
feet 6 inches long, required a strain of 11 tons 7 cwt. 

* MuBchenbroek's Introd. ad Phil. Nat. vol. i. p. 417. 1762. 

1-2 
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(25,424 lbs.) to tear it asunder: broke exactly transverse, 
without being reduced in any part ; quite cold when broken ; 
particles fine, dark bluish gray colour."* 

Capt. Brown's machine for trying such experiments being 
constructed on the principle of a weigh-bridge, Mr. Barlow is 
of opinion it may show less than its real force ; it also may be 
remarked, that to obtain the real force of cohesion, the re- 
sultant of the straining force should coincide exactly with the 
axis of the piece, for so small a deviation in this respect as ^th 
of the breadth would reduce the strength one half. 

From this experiment it appears that 16,265 ibs. will tear 
asunder a square inch of cast iron. 

80. In some experiments made by Mr. G. Rennie, it is 
obvious, from the description of the apparatus, that the strain 
on the section of fracture would not be equal ; and, therefore, 
that the straining force would be less than the cohesion of the 
section. The specimens were 6 inches long, and ^th of an 
inch square at the section of fracture. A bar cast horizontally 
required a force of 1166 lbs. to tear it asunder. A bar cast 
vertically required a force of 1218 lbs. to tear it asunder.f 

Per square inch. 
In the horioontal casting the force was equal to . . 18,656 lbs. 

And in yertical casting 19,488 ,, 



EXPERIMENTS ON THE RESISTANCE TO COMPRESSION IN 

SHORT LENGTHS. 

81. The power of cast iron to resist compression was 
formerly much over-rated. Mr. Wilson estimated the power 
necessary to crush a cubic inch of cast iron at 1000 tons = 
2,240,000 ibs. ; and in describing an experiment by Mr. 
William Reynolds, of Ketley, in Shropshire, a cube of ^th of 
an inch of cast iron, of the quality called gun-metal, was said 

* Essay on the Strength of Timber, &c., by Mr. Barlow. 

t Philosophical Transactions for 1818, Part I., or Philosophical Magazine, vol. liii. 
p. 167. 
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to require 448,000 fts. to crush it.* But Mr. Telford, for 
whom the experiments were made, was so kind as to com- 
municate the correct re^ts of the experiments made by Mr. 
Reynolds ; and it appears that 

Per ■qnara inch. 
A cube of iih of an inoh of soft gray metal was onuhed by 

SOcwt =148,8«01be. 

Ditto of the kind of cast iron called gun-metal was crashed 

by200cwt =850,400 lbs. 

82. Such was the state of our knowledge on this important 
subject, when Mr. G. Rennie communicated a valuable series 
of experiments to the Royal Society, which were pubUshed in 
the first part of their Transactions for 1818. 



Mr, Retmie*i ExperimeiUi <m cubes from the middle of a large block ; specific 

gravity 7088 : 

Force per eq. in. 
in. lbs. in Htm. 

Side of cnbe | was crushed by 1,454, highest result = 98,056 

Ditto i ditto 1,416, lowest ditto = 74,624 

Ditto i ditto 10,561, highest ditto ~ 168,976 

Ditto i ditto 9,020, lowest ditto = 144,820 

On cubes from horizontal castings, specific gravity 7*113 

in. Ibe. fbs. per. sq. in. 

Side of cube i was crushed by 10,720, highest result » 171,520 
Ditto i ditto 8,699, lowest ditto » 189,184 

On cubes from vertical castings, specific gravity t 7*074 

in. Htm. Ibe. per. sq. in. 

Side of cube } was crushed by 12,665, highest result = 202,640 
Ditto i ditto 9,844, lowest ditto =^ 157,540 

On pieces of different lengths. 

in. lbs. lbs.peraq.in. 

Area | x ) length ] was crushed by 1,748 -> 111,552 

Ditto) X I ,, 1 do. 1,489 » 92,096 

Ditto i X 1 „ 1 do. 9,874 « 149^84 

Ditto i X J „ 1 do. 6,821 - 101,186 

These experiments were on too small a scale to allow of 

* Edin. Encyclo. art. Bridge, p. 544 ; or Nicholson's Journal, vol. xzxv. p. 4. 1818. 
+ It is singular that the specific gravity of the vertical castings should be leas than 
that of the horisontal ones. 
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that precision in adjustment which theory shows to be 
essential in such experiments; therefore there still remains 
much to be done by future experimentalists. It does not 
appear, within the limits of these experiments, that an increase 
of length had any sensible eflFect on the result. 

I have selected the highest and lowest results, and such of 
the single trials that were made under the greatest difference 
of length ; in all Mr. Rennie made thirty-nine trials on the 
resistance of cast iron to compression.* 



EXPERIMENTS ON THE RESISTANCE TO COMPRESSION OF 
PIECES OF CONSIDERABLE LENGTH. 

83. The only experiments of this kind that I know of 
w^ere made by Mr. Reynolds, and are described as follows in 
Mr. Banks's work on the * Power of Machines,' p. 89. 

" Experiments on the strength of cast iron, tried at Ketley, 
in March, 1795. The different bars were all cast at one time 
out of the same air furnace, and the iron was very soft, so as 
to cut or file easily. 

"Exp. 1. Two bars of iron, 1 inch square, and exactly 3 
feet long, were placed upon a horizontal bar, so as to meet 
in a cap at the top, from which was suspended a scale ; these 
bars made each an angle of 45** with the base plate, and of 
consequence formed an angle of 90' at the top : from this cap 
was suspended a weight of 7 tons (15,680 ibs.), which was 
left for sixteen hours, when the bars were a little bent, and 
but very little. 

" Exp. 2. Two more bars of the same length and thickness 
were placed in a similar manner, making an angle of 22^"" 
with the base plate ; these bore 4 tons (8960 lbs.) upon the 
scale : a little more broke one of them which was observed 
to be a little crooked when first put up." 

* Philosophical Transaoiions for 1818, Part I., or Philosophical Magaaine, voL liii. 
pp. 164, 165. 
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84. By the prmciples of statics,* 

2 iin. 45' : Bad« : : 16,680 lU. : 11,087 Ibt. 

equal the pressure in the direction of either bar in the first 
experiment. And, 

2 sin. 224'' - Bad. : : 8960 Ibt. : 11,709 As. 

the pressure in the direction of either bar in the second 
experiment. 

If we consider the direction of the force to have been 
exactly in the axis in these trials, then, according to the 
equation, art. 288, the greatest strain in the direction of one 
of these bars should not have exceeded 5840 ibs. ; but if the 
direction of the pressure was at the distance of half the 
depth from the axis, which it is very probable it would be, 
the greatest strain in actual construction should not have 
exceeded 2720 ibs. See art. 287. 



EXPERIMENTS ON THE RESISTANCE TO TWISTING. 

85. Table of the principal experiments of the strength of 
cast iron to resist a twisting strain. 

















GalouUtad 


Ratio of 


No. 


DoBoription. 


• 

LoTorage. 


Length. 


Side or 

dlamatar 

in 


Weight ia 

lbs. that 

brokatba 


raaittanoa 

without 

deatroying 


the ealoa* 

latad ra- 

aifltanoa to 













inchat. 


place. 


the aUatic 
foroe. 


tha break- 
ing weight 


r Bar placed verti- ^ 


ft 


• 














cally, &st at one 














1 


■ end and twisted • 

by a wheel at 
Ithe other ...j 


1 





not given 


1x1 


631 


150 


1:4-2 


2 


(Cylinder fixed at) 
\ one end, twisted f 
1 by a lever at the i 
(other ; 


14 


2 


inches. 
2} 


inches. 
2 


250 


78-7 


1 : 8-39 


8 


Ditto 


14 


2 


H 


It 


384 


111 


1 : 3*46 


4 


Ditto 


14 


2 


8 


408 


140 


1 :2*9 


5 


Ditto 


14 


2 


8 


2| 


700 


184 


1 :8-8 


6 


Ditto 


14 


2 


4 


sl 


1170 


309 


1 : 8-78 


7 


Ditto 


14 


2 


6 


3} 


1240 


402 


1 : 308 


8 


Ditto 


14 


2 


5 


8} 


1662 


481 


1 : 8*45 


9 


Ditto 


14 


2 


5 


4 


1938 


580 


1 : 3'34 


10 


Ditto 


14 


2 


6 


4* 


2158 


713 


1 : 302 



* Gregory's Mechanics, vol. i. art 48. 
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The experiment No. 1 was made by Mr. Banks.* The 
others were made by Mr. Dunlop, of Glasgow. Nos. 4 and 
7 were faulty specimens.f Some experiments on a veiy 
small scale were made by Mr. George Eennie, but they are 
not inserted here, because they were not sufficiently described 
to admit of comparison.} 

I am indebted to Messrs. Bramah for a description of some 
new and interesting experiments on torsion, which they had 
made in order to ascertain what degree of confidence they 
might place in the theoretical and experimental deductions of 
writers on this subject. They were also desirous of knowing 
the effect of a small portion of copper on the quality of cast 
iron. 

I have given a tabular form to the results of these experi- 
ments, in order that they may be more easily compared ; and 
I have added two columns to the Table, to show how these 
experiments agree with the rules of this work. 

The bars were firmly fixed at one end,* in a horizontal 
position, and to the other end the straining force was applied, 
acting with a leverage of 3 feet. To prevent the effect of 
lateral stress, the bar rested loosely upon a support at the 
end to which the straining force was applied. 

♦ " Power of Machines." 

t Dr. Thomson's Annals of Philosophj, vol. xiii. p. 200-203. 

t Philosophical Magazine, vol. liiL p. 168. 
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a 

9 



DMcription of iztm. 



4 

5 



6 
7 



Square bar of an 
alloy of 16 parts 
iron to ono of 
copper ... 

Square bar of the 
same kind as No. 1 

Square bar a mix- 
ture of equal parts 
of Adelpbi, Alfre- 
ton, and old iron. 
Bar same kind as 
No. 8 ... 

Bar same kind as 
No* 8 ... ••• 



Length of 
bar. 



feet. 
1 
2 



Square bar of cast 

iron ... 
Square bar same 

kind as No. 6... 



1 
2 



Bide of 
bar. 



inches. 



Weight 

appUad 

acting 

with throe 

ibet 
lovarage. 



1* 

lA 



1 

2 



1 
1 



lbs. 

166 
215 
111 
218 
218 

217 
830 

166 
810 
164 
218 
280 



287 
218 



Bflbctof 

weight or 

angle <tf 

tonlon. 



degrees. 

74 
broke 

64 
17 
broke 



14 
broke 

74 
broke 

124 

18 

28 

Broke by 

■lippinff 

one of the 

weights. 

broke 
broke 



Galonlated 

angle 
oft<mioQ. 



degrees. 
4-25 

• » • 

6-7 
10-9 



5-6 

• • • 

4-25 

■ ■ ■ 

8-4 
10-9 
14-8 



Ratio of the 
force which 
would not 
produce set 
to the break- 
ing weight. 



1:8-6 
1 :8-5 

1:6-6 
1 : 616 



1 : 4-72 
1 : 4-85 



The comparison between our rule (Equation iv. art. 265), 
and the force that broke these specimens, which is given in 
the last column, is very satisfactory, and very nearly agrees 
with former experiments on this strain as shown in the first 
Table of this article. 

The observed angle of torsion is very irregular, and in all 
these experiments it greatly exceeds the angle calculated by 
Equation xiv. art. 272. But it will be remarked, that the 
angle was measured after the strain was far beyond that 
degree where it is known that flexure increases more rapidly 
than the load ; and no allowance was made for the compres- 
sion at the fixed points. M. Duleau, in his experiments on 
wrought iron, (see Sect. VI. art. 94 of this Essay,) allowed 
for the latter source of error by taking, as the measure of 
torsion, the angle through which the bar returned when the 
weight was taken off;* and the formula applied to his 



i Bor la R^ifltance da Fer Forg4, p. 49. 
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experiment gives an error in excess, — ^here it is in defect : I 
shall, therefore, not endeavour to make the rules agree with 
either set of experiments, because I know that the flexure will 
be too great in Messrs. Bramah's experiment ; and assuming 
this to be so, the rules will be nearly true ; whereas, if M. 
Duleau's turn out to be most correct, it will only cause shafts 
to be made a small degree stronger than necessary. 

EXPERIMENTS ON THE EFFECT OP IMPULSIVE FORCE. 

86. The height from wjiich a weight might faO upon a 
piece of cast iron without destroying its elastic force was 
calculated by Equation v. art. 306, for the specimens of '9 
inch square, used in the preceding experiments (art. 67). 
Repeated trials with that height of fall were made without 
producing a sensible effect. I then let the weight fall from 
double the calculated height, and every repetition of the blow 
added about y^th of an inch to the curvature of the bar. 
I could not measure the effect of each trial very correctly, but 
a few trials rendered the bar so much curved as to be easily 
seen. I hope, at some future time, to be able to resume 
these experiments with an apparatus for measuring correctly 
the degree of permanent set.* See art. 313 — 350, where 
practical rules will be found. 

TO DISTINGUISH THE PROPERTIES OF CAST IRON BY 

THE FRACTURE. 

87. I shall close this section with a few remarks on the 
aspect of cast iron recently fractured, with a view to distin- 
guish its properties. 

There are two characters by which some judgment may be 
formed ; these are the colour and the lustre of the fractured 
surface. 

* Thifl hope of the Anthor had not been realised when Practical Science was 
unfortunately deprived by his death, of one of its most able supporters. — Editob. 
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The colour of cast iron is various shades of gray ; some- 
times approaching to dull white, sometimes dark iron gray 
with specks of black gray. 

The lustre of cast iron differs in kind and in degree. It 
is sometimes metallic, for example, like minute particles of 
fresh cut lead distributed over the fracture ; and its degree, 
in this case, depends on the number and size of the bright 
parts. But in some kinds, the lustre seems to be given 
by facets of crystals disposed in rays. I will call this lustre, 
crystalline. 

In very tough iron the colour of the fracture is uniform 
dark iron gray, the texture fibrous, with an abundance of 
metallic lustre. If the colour be the same, but with less 
lustre, the iron will be soft but more crumbling, and break 
with less force. If the surface be without lustre, and the 
colour dark and mottled, the iron will be found the weakest 
of the soft kinds of iron. 

Again, if the colour be of a lighter gray with abundance 
of metallic lustre, the iron will be hard and tenacious ; such 
iron is always very stiff. But if there be little metallic lustre 
with a light colour, the iron will be hard and brittle ; it is 
very much so when the fracture is dull white ; but in the 
extreme degrees of hardness, the surface of the fracture is 
grayish white and radiated with a crystalline lustre. 

There may be some exceptions to these maxims, but I 
hope they will nevertheless be of great use to those engaged 
in a business which is every day becoming more important. 



SECTION VI. 

EXPERIMENTS ON MALLEABLE IRON AND OTHER METALS. 

—4 

EXPERIMENTS ON THE RESISTANCE OF MALLEABLE IRON 

TO FLEXURE. 

88. There have been a greater number of experiments 
made on malleable iron than on any other metal ; but those 
on the lateral strength are chiefly by foreign experimentalists. 
From those of Duleau I shall select a few for the purpose of 
comparison ; but in the first place I propose to describe some 
of my own trials. 

The following experiments were made on bars of English 
and of Swedish iron ; the bars were supported at the ends, 
and the weight applied in the middle between the supports ; 
the length of each bar was exactly 6 feet, and the distance 
between the supports 66^ inches. 



EnglUk Iron, 



Kind of bar and 
dimaiisioDB. 


Weight 

of 6 
feet in 
length. 


Deflexion with 


Weight of 

modulua of elaa- 

ticity for a baae 

oflaq. inch. 


58 Iba. 


114 Iba. 


170 Iba. 


Bar 14 inch iquare . . 

BarlJ „ . . 

Barl 

Round bar 1^ inch diamtr. 

Round bar 1 „ 


Iba. 
83 
25 
20 
24 
17 


ioch. 
•0625 
•125 
•15 
•125 
•25 


inch. 

•1 

•25 

•82 

•25 

•5 


ioch. 
•1875 
•376 
•5 

•375 
•8 


Iba. 
27,240,000 
20,880,000 
24,990,000 
28,154,000 
26,500,000 






Mean weight of modulus 24^ 


.542.800 fU 
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Swedish Iron. 



Kind of bar and 
dimwMiiom. 


Weight 

of 6 
feet in 
length. 


Deflexion with 


Weight of 

modulnsofelaa- 

ticity for a baae 

of 1 aq. indi. 


681b& 


114 lbs. 


170 lbs. 


Bar 1*2 inch square . . 
BorlJ „ . . 
Barl „ 


lbs. • 
82 
27 
88 


inoh. 
•0625 
•08 
•125 


inch. 
•125 
•161 
•25 


inch. 
•19 
•25 
•875 


Ibe. 
82.000,000 
81,245,000 
88,828,000 


Mean weight of modulus 82,191,000 fti. 



The bars of Swedish iron varied in dimensions con- 
siderably; the dimension in the first column was taken at 
the point of greatest strain in each bar. The apparently 
superior stiffness of the Swedish iron is partly to be attributed 
to this cause ; but it is in a greater degree owing to the mode 
of manufacture which gives more density as well as elastic 
force to the iron. If the English iron had been formed 
under the hammer, in the same manner, it would have been 
perhaps equally dense and strong, and as fit for the nicer 
purposes of smiths' work as the Swedish. All these 
specimens were tried in the same state as the bars are sent 
from the iron works ; the trials were made in July, 1814. 

89. The objects of my next experiments on malleable iron 
were, to determine the force that would produce permanent 
alteration ; the effect of heating iron so as to give it uniform 
density ; and the effect of temperature on its cohesive power. 
For this purpose, Mr. Barrow, of East Street, selected for me 
a bar of what he esteemed good iron, bearing the mark 
Penydarra. A piece 38 inches long, weighing 10'4Ibs., was 
cut off this bar : its section did not sensibly differ from 1 inch 
square. With the supports 3 feet apart, and the weight 
applied in the middle,, the following results were obtained. 





Deflexion in the middle 'with 


Deflexion in the middle after 


Weight 


the har as obtained from the 


the bar had been uniformly 




iron works. 


heated and slowly oooled. 


Ibe. 


inch. 


inch. 


126 


•05 


•059 


252 


•10 


•117 


810 


•12 


•145 


830 


•18 


154 
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In both states it bore the weight of 330 fbs. without 
sensible effect, though it was let down upon it, and relieved 
several times ; but in either state an addition of 20 ibs. ren- 
dered the set perceptible ; in the softened bar it appeared to 
be sensible when only 10 ibs. had been added. 

Hence, by art. 110 we have the force that could be re- 
sisted; without permanent alteration 17,820 fbs. per square 
inch : by art. 121 the extension in the softened state, is -riW 
of its length ; and by art. 105 the modulus of elasticity is 
24,920,000ibs. for a base of an inch square. The modulus 
before being softened is 29,500,000 lbs. 

90. To try the effect of heat in decreasing the cohesion of 
malleable iron, I heated it to 212** of Fahrenheit, having 
previously got the machine ready, so that a weight of 300 ibs. 
could be instantly let down upon the bar as soon as it was 
put in, and the index adjusted to one of the divisions of the 
scale. These operations having been effected in a close and 
warm room, with as little loss of heat as possible, the window 
was thrown open, and the effect of cooling observed. The 
deflexion decreased as the bar cooled, but it was allowed to 
remain nearly two hours, in order to be perfectly cooled down 
to the temperature of the room, or 60**. Each division on the 
scale of the index is rfirth of an inch, and as nearly as I could 
determine, with the assistance of a magnifier, the deflexion 
had decreased three-fourths of one of the divisions ; and it 
returned through fourteen divisions when the load was 
removed ; therefore we may conclude, that by an elevation of 
temperature equal to 212—60 = 152 degrees, iron loses 
about a 20th part of its cohesive force, or a 3040th part for 
each degree. 

M. DULEAU'S EXPERIMENTS.* 

91. The most part of the experiments of M. Duleau were 

* Taken from his Eeni Thdoriqae et Experimental sur la R^sifitanco du Fer Foig^ 
4to. Porifi, 1820. • 
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made with malleable iron of Perigord ; some of the specimens 
were hammered to make them regular, others were put in 
trial in the state they are sent from the iron works; the 
former are distinguished from the latter by an h added to the 
number of the experiment ; and these numbers are the same 
as in M. Duleau's work. The experiments are divided into 
two classes : in the first the elasticity was observed to be im- 
paired by the action of the load ; in the second it was not. 
The specimens were supported at the ends, and the load 
suspended from the middle of the length. The dimensions 
of the pieces are in the original measures, as well as the 
weights: but the deductions are in our own measures and 
weights. All the experiments I have selected are on Perigord 



iron. 



Number 
ofexperimantB. 


Distance 

between the 

supports. 


• 

Bnadth. 


Depth. 


Depressbm 

bithe 

middle. 


Weiffht 
producmg it. 


Extenaon 

in parts of 

length. 


«J»»i si* 

2nd 3 22 


Milllm. 
2000- 
2000^ 
3000- 

2000- 
3000- 
8000^ 


MilUm. 
45- 
40- 

m- 

11-5 

77- 
15- 


Millim. 
12- 
11-5 
20^ 

40- 
14^ 
25- 


MUUm. 
54- 
52-5 
83* 

16-08 

72- 

70- 


Kilogramm. 
45 
25 
50 

90 

50 
50 


•000972 
-000906 
•000441 

•000902 
•000672 
•001167 



The last column shows the extension of an unit of length 
by the strain as calculated by M. Duleau ; my formula, art. 
121, gives the same results. The extension that malleable 
iron will bear without permanent alteration is -rrinr= '000714, 
according to my experiment ; but in M. Duleau's experiment. 
No. 86*, the extension of '000441 produced a permanent set, 
while in No. 29* the extension was '001167 without pro- 
ducing a set : this is a considerable irregularity, but such as 
may be expected in experiments on such long heavy 
specimens of small depth. In all such experiments, the 
effect of the weight of the piece should be observed. It is 
also essential that the points of support should be perfectly 
solid and firm, or that the flexure should be measured from a 
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point, of which the position is invariable in respect to the 
points of support. 

The mean weight of the modulus of elasticity, as de- 
termined by the above experiments, is, 28,000,000 lbs. for a 
base of 1 inch square. Experiment No. 22 gives the highest, 
being 31,864,000 fts. ; and No. 17 the lowest, being 
22,974,000 ibs. ; therefore it appears that the elastic force of 
Perigord iron is not greatly different from English iron. 

M. Duleau concludes that a bar of malleable iron may be 
safely strained till the extension at the point of greatest strain 
is equal to tttt of its original length without losing its 
elasticity ; and that the load upon a square inch which pro- 
duces this extension is 8540 lbs. In many of his own 
experiments the extension was three times this without 
permanent loss of elasticity. 

It has been my object to fix the limit which will produce 
permanent alteration of elasticity in a good material ; to say, 
that beyond this strain you must not go, but approach it as 
nearly as your own judgment shall direct, when you are 
certain that you have assigned the greatest possible load it 
will be exposed to. Where a great strain is to be sustained, 
a good material is most suitable and most economical ; to a 
defective material no rules whatever will apply ; for who can 
measure the effect of a flaw in malleable iron, an air bubble 
in cast iron, a vent in a stone, or of knots and rottenness in 
timber P But the presence of most of these defects can be 
ascertained by inspection of the material itself ; and since the 
greatest strain is at the surface of a beam or bar, the defects 
which impair the strength in the greatest degree are always 
most apparent. 

Experiments on the flexure of malleable iron have also 
been made by Rondelet,* Aubry, and Navier,t which 
accord with the theoretical principles developed in this Essay. 

♦ Traits de I'Art de BAtir. tome iv. p. 509 and 514. 4to. 1814. 
t Gaathey's Construotion des PonU, tome ii. p. 151. 4to. 181S. 
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EXPERIMENTS ON THE RESISTANCE TO TENSION. 

92. The experiments on the absolute resistance of mal- 
leable iron to tension are very numerous : in many experiments 
it has been found above 80,000Ibs., per square inch, and in 
very few under 50,000Ibs., indeed in none where the iron was 
not defective. About 60,000ibs. seems to be the average 
force of good iron : and according to this estimate, the force 
that would produce permanent alteration is to that which 
would pull a bar asunder as 17,800 : 60,000, or nearly as 
1 : 3*37, Hence we see, that on whatever principle it was 
that Emerson* concluded a material should not be put 
to bear more than a third or a fourth of the weight that 
would break it, the maxim is agreeable with the laws of 
resistance. 

Experiments on the absolute strength of malleable iron 
have been made by Muschenbroek,t BuflPon,J Emerson,^ 
Perronet,|| Soufflot,t Sickingen,** Rondelet,tt Telford, J { 
Brown, H and Rennie.|||| Those by Messrs. Telford and 
Brown were made on the largest scale ; and are minutely de- 
scribed in Professor Barlow's Essay, to which I must refer 
the reader. 

EXPERIMENTS ON THE RESISTANCE TO COMPRESSION, 

93. Very few experiments have been made on this species 
of resistance, and from some circumstances in such 
experiments requiring attention which the authors of them 
do not appear to have been aware of, we can make no use of 

* Mechanics, 4to edit. p. 116. 1758. 

+ iDtrod. ad Phil. Nat. I p. 426. 4to. 1762. 

t Qaathe/B Coxistractioii des Ponta, ii pp. 153, 154. 

§ MechanioBi p. 116. 4 to edit. 1758. 

It Qauthe/a CooBtruction des Ponts, ii. pp. 153, 154. 

t Rosdelefs KArt de B&tir, W. pp. 499, 500. 4to. 1814. 

** Aimales de Ohimie, zzv. p. 9. 

ft Roodelet's L'Art de B&tir, iv. pp. 499, 500. 4to. 1814. 

tX Barlow's Essay on Strength of Timber, ko. §§ Ibid. 

Ui] Philosophical Magazine, liiL p. 167. 1819. 
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them in illustrating our theoretical principles, unless it be to 
show that when we consider the direction of the force to 
nearly coincide with one of the surfaces of the bar, we shall 
always be calculating on safe data ; and from the nature of 
practical cases in general, we can scarcely think of employing 
a less excess of force than is given by this rule. 

On pieces of considerable length experiments have been 
made by Navier, Rondelet, and Duleau; and the force 
necessary to crush short specimens has also been ascertained 
by Rondelet. 

Rondelet employed cubical specimens, the sides of the cubes 
varying from 6 to 10^ and 12 lines ; and cylinders of 6, 8, 
and 12 lines in diameter, the height being the same as the 
diameter in each cylinder. The mean resistance of the cubes 
was equivalent to 512 livres on a square line; the mean 
resistance of the cylinders 515 livres per square line: 512 
livres on a square line is 70,000fts. on a square inch in our 
weights and measures. The force necessary to crush the 
specimens was in proportion to the area ; when the area was 
increased four times, this ratio did not differ fix)m the result 
of the experiment so much as a fiftieth part.* 

He observed in experiments on bars of different lengths, 
that when the height exceeded three times the diameter, the 
iron yielded by bending in the manner of a long column. 
Rondelet's experiments on longer specimens are not suffi- 
ciently detailed.! 

Navier's experiitoents were made on long bars, and show the 
force that broke them ; whether the flexure was sudden or 
gradual is not stated. } 

* There does not appear to be an abrupt change in the crashing of wrought iron to 
enable an experimenter to draw any very definite conclusions of this kind. Acoording 
to my obsenrations, wrought iron becomes slightly flattened or shortened with from 
9 to 1 tons per square inch ; with double that weight it is permanently reduced in 
length about ^ and with three times that weight about i^^th of its length. (Philo- 
sophical Transactions, Part XL, 1840, p. 422.)— Editor. 

t Traits de TArt de BAtir, iv. pp. 621, 522. 

t Ganthey's Construction des Pont8,iL p. 152. 
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A bar of any material, in which the stress is very ao- 
curately adjusted in the direction of the axis, will bear a 
considerable load without apparent flexure, but the load is in 
unstable equilibrium, so much so indeed, that in a bar where 
the least dimension of the section is small in respect to the 
length, the slightest lateral force would cause the bar to bend 
suddenly and break under the load. ^ In such a case it is not 
so much owing to the magnitude of the force that fracture is 
produced, as the momentum it acquires before the bar attains 
that degree of flexure which is necessary to oppose it. The 
reader will find this view of the subject to be agreeable to 
experience, particularly in flexible materials ; in fact, I do not 
think any one can be aware of the danger of over-loading a 
column who has never observed an experiment of this kind. 

M. Duleau found that a bar of malleable iron 11*8 feet 
long, and 1*21 inches square (81 millimetres), doubled under 
a load of 4400 lbs. (2000 kilogrammes). Another specimen 
about 11*8 feet long, the breadth 2'38 inches, and the depth 
0*8 inch, doubled under a load of 2640 lbs. : this piece did 
not become sensibly bent before it doubled.* In the 
last experiment, our rule (£qua. xv. art. 288,) gives 876 lbs. 
as the greatest load the bar ought to sustain in practice ; 
which is about one-third of the weight that doubled the 
piece ; a similar result obtains in other cases. 

EXPERIMENTS ON THE RESISTANCE TO TORSION. 

94. Mr. Rennie made some experiments on the resistance 
of malleable iron to torsion. The weight acted with a lever 
of 2 feet, and the specimens were ^th of an inch square ; the 
strain was applied close tb the fixed end : — 

lbs. oz. 
Engliah iron, wrought, was wrenched esonder by 10 2 

Swedish iron, wrought, 9 8 f 



* Eeaai Th^rique et Experimental sur la R^sittftnce du Fer Forg^, p. 26-87. 
i Fhiloeophical Magazine, vol. liii. p. 168. 
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If we could suppose the pieces so fitted that the distance 
between the centres of action, of the force and the fixing 
apparatus, was equal to the diameter of the specimen ; then 
our formula gives l'315ibs. as the force that such a bar 
would resist without permanent change : this is only about 
^th of the force that produced fracture. A like irregularity 
occurs in his experiments on the torsion of cast iron, which 
may very likely be in consequence of the strain not being 
applied exactly as I have supposed it to be. 

The experiments on the resistance of malleable iron to 
torsion made by M. Duleau were all directed to determining 
its stiffness. The bars were fixed at one end in a horizontal 
position, and the force was applied to a wheel or large pulley 
fixed on the other end. In order to prevent lateral strain, 
the end to which the wheel was fixed reposed freely upon a 
support. It was found that the bars yielded a httle at the 
fixed points ; the permanent alteration produced by this 
yielding was allowed for by deducting the angle of set from 
the angle observed.* 



Nattm of the spedmens. 


Length of 
the part 
twisted. 


Sid of diameter. 


Angle of tonion 

Mth a wt. of 

10 kilofframmea 

(221bft.)wiUi 

leTenge of 8S0 

nullimtonee(l'28 

feetX 


Anglo of 

tornonae 

caicnUted. 


Round iron, English, \ 
marked Dowlais, as f 
from the iron works ; i 
hot short. ) 


MillimMroB. 

2400 
(7-9 ft.) 


MillimHRs. 

19-88 
(•78 in.) 


degrees. 

4 


degrees. 
10-4 


Round iron, Perigord, as 
from the iron works. 


2800 
(9- 6 ft.) 


2808 
(•91 in.) 


8 


r 


Square iron, English ) 
marked C 2, hot [£ort ( 


4120 
(18-5 ft.) 


20x20 
(-79 in.) 


6* 


10 


Square iron, Peiigord, 
as from the iron works. 


2520 
(8-8 ft.) 


2085 X 20-85 
(•8 in.) 


808 


5-8 


ft 

Fiat iron, English. 


2910 
(9*6 ft.) 


84 X 8-56 
(1-82 X -887 in.) 


11-4 

t 


18-9 



* Essai Bur la R^istanoe du Fer Forgd, p. 50-58. 
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The last column shows the angle calculated by the formula 
(Equa. xiii. and xiv. art. 272). There is a considerable error 
in excess according to these experiments ; see art. 85. 

EXPERIMENTS ON VARIOUS METALS. 
EXPERIMENTS ON STEEL. 

95. The modulus of elasticity of steel was first determined 
by Dr. Youngs from the vibration of a tuning-fork; the 
height of the modulus found by this method was 8,530,000 
feet ; * hence the weight of the modulus for a base of an inch 
square will be 29,000,000 lbs. 

M. Duleau has made some experiments on the flexure of 
steel bars when loaded in the middle and supported at the 
ends; in all he has described twelve experiments;! from 
these I will take four at random. 



neacriptUm of spedmeiuL 



English cast steel,'] 
marked Huktsman, I 
perfectly regular, nn- f 
tempered, but brittle. J 

Qerman steel (of oe- 
mentatioQ), marked 
FosTBMAK, and 8 deer 
beads, used for razors, 
dimensions irregular. 

Same kind of steel. 

Ditto. 



Distance 
between 

the 
■apports. 


Breadth. 


Depth. 


Depression 

with 10 kilo- 

grammea. 


Millim. 


MilliaL 


Millim. 


Millim. 


9sa 


18-8 


5-9 


82-05 


680 


14-6 


7-8 


8 


1845 


28-5 


219 


2-6 


1850 


52 


26-6 


0-5 



Weight of mo- 
dulus of elasticity 
in lbs. for a base 

an inch square. 



English lbs. 



84,000,000 



20,268,000 

29,000,000 
17,880,000 



Mean for German steel 22,881,000 lbs. 



EXPEEIMENTS ON GUN-METAL. 



96. A cast bar of the alloy of copper and tin, commonly 
called gun-metal, of the specific gravity 8 '152, was filed true 
and regular; its depth was 05 inch, and its breadth 07 



* Lectures on Natural Philosophy, yoI. ii. p. 86, 
t Esssi sur la Resistance du Fer Forg^, p. 88. 
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inch ; it was supported at the ends^ the distance between the 
supports being 12 inches ; and the scale was suspended from 
the middle. 



19ftf 
S8 
56 
78 

100 I 

120 

200 

230 

820 



bent the bar 0*01 inch. 
0-02 
003 
0-04 



f* 



n 



005 

0*06 

0-17 
0*84 



n 
n 

M 

if 



iThifl load was raised from the bar NTeFal times^ bat 
permanent aet waa not senaible. 
i Every time the bar waa relieved of thia load, a set of 
about '005 was obeerved. * 



! slipped through between the supports, bent nearly 
8 inches, but not broken. 



We may therefore consider 100 lbs. as the utmost that the 
bar would support without permanent alteration, which is 
equivalent to a strain of 10,285 lbs. upon a square inch ; and 
an extension of g^th part of its length (see art. 110 and 
121). Absolute cohesion greater than 34,000 lbs. for a 
square inch. 

Calculating from this experiment, we find the weight of 
the modulus of elasticity for a base 1 inch square, 9,873,000 
lbs. ; and the specific gravity of gun-metal is 8*152; there- 
fore the height of the modulus in feet is 2,790,000 feet 

The deflexion increases much more rapidly than in pro- 
portion to the weight, as soon as the strain exceeds the elastic 
force ; a weight of 200 lbs. more than trebled the deflexion 
produced by 100, instead of only doubling it. 

EXPERIMENTS ON BRASS. 

97, Dr. Young made some experiments on brass, from 
which he calculated the height of the modulus of elasticity of 
brass plate to be 4,940,000 feet, or 18,000,000 lbs. for its 
weight to a base of 1 square inch. .For wire of inferior 
brass he found the height to be 4,700,000 feet.* 

As cast brass had not been submitted to experiment, I 



* Natiural Philosophy, yoI. IL p. 88. 
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procured a cast bar of good brass, and made the following 
experiment : 

The bar was filed true and regular ; its depth was 0*45 
inch, and breadth 0*7 inch. The distance between the 
supports 12 inches, and the scale suspended from the middle. 



12fta 
23 
88 
62 
65 
110 

163 



bent the bar 0*01 inoh. 



0.02 „ 

0*08 „ I The bar was relieyed Beveral times, bat it took no 

0*04 ,, ) perceptible eet 

0*05 „ reUeved, the Bet was *01. 

0-18 „ 

! slipped between the sapporta, bent more than 2 
inches, but not broken. 



Hence 52fi)s. seems to be about the. limit which could 
not be much exceeded without permanent change of struc- 
ture. It is equivalent to a strain of 6700 9>s. upon a square 
inch, and the corresponding extension is ^-g^ of its length, 
(see art. 110 and 121). Absolute cohesion greater than 
21,000 9)s. per square inch. The modulus of elasticity 
according to this experiment is 8,930,000 9)8. for a base of 
an inch square. The specific gravity of the brass is 8'37, 
whence we have 2460^000 feet for the height of the modulus. 



. 1 > ' ' 
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SECTION VII. 

OP THE STRENGTH AND DEFLEXION OF CAST IRON WHEN IT 

RESISTS PRESSURE OR WEIGHT. 



98. The doctrine of the Strength of Materials, as given in 
this Work, rests upon three first principles, and these are 
abundantly proved by experience. 

The First is, that the strength of a bar or rod to resist a 
given strain, when drawn in the direction of its length, 
is directly proportional to the area of its cross section ; 
while its elastic power remains perfect, and the 
direction of the force coincides with the axis. 

99. The Second is, that the extension of a bar or rod by a 
force acting in the direction of its length, is directly 
proportional to the straining force, when the area of the 
section is the same ; while the strain does not exceed 
the elastic power.* 

100. The Third is, that while the force is within the elastic 
power of the material, bodies resist extension and 
compression with equal forces. 

101. It is further supposed that every part of the same 
piece of the material is of the same quality, and that there are 
no defects in it. If there be any material defect in a piece of 

• 

* This limit should be carefUU j attended to, for aa soon as tbe strain exceeds the 
elastio power, the ductility of the material becomes sensible. The degrees of ductUity 
are extremely variable in different bodies, and even in different states of the same 
body. A fluid possesses this property in the greatest degree, for every change in the 
relative position of its parts is permanent 
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cast iron, it may often be discovered, either by inspection, or 
by the sound the piece omits when struck ; except it be air 
bubbles, which cannot be known by these means. 

The manner of examining the quality of a piece of cast iron 
has been given in the Introduction, p. 5 ; and such as will 
bear the test of hammering with the same apparent degree of 
malleability, veill be found sufficiently near of the same strength 
and extensibility for any practical deductions to be correct. 

The truth of these premises being admitted, every rule that 
is herein grounded upon them may be considered as firmly 
established as the properties of geometrical figures. 

102. A free weight or mass of matter is always to be 
considered to act in the direction of a vertical line passing 
through its centre of gravity; and its whole effect as if 
collected at the point where this vertical line intersects the 
beam or the pillar, which is to support it. But if the weight 
or mass of matter be partially sustained, independently of the 
beam or piUar, in any manner, then the direction and intensity 
of the force must be found that would sustain the mass in 
equilibrium,* and this will be the direction and intensity of 
the pressure on the beam or pillar. 

103. Let /denote the weight in pounds which vrould be 
borne by a rod of iron, or other matter, of an inch square, 
when the strain is as great as it will bear without destroying 
a part of its elastic force. f Also, let W be any other weight 
to be supported, and d = the breadth and t = the thickness 
of the piece to support it, in inches. Then, by our first- 
principles, art. 98, we have 

f :W : .1 :bt 

or,^^ht (i.) 

* Thd method of finding this force and its direction is explained in my Elementary 
Prindpiee of Carpentry, art 24-29. 

•f " A permanent alteration of form/* Br. Young has remarked, ** limits the strength 
of materials with regard to practical purposes, almost as much as fracture, since in 
general the force which is capable of producing this eff<?ct is sufficit-nt, with a small 
addition, to increase it till fracture takes place." Natural Philosophy, vol. i. p. 141. 
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That is, the area should be directly as weight to be sup- 
ported, and inversely as the force which would impair the 
elastic power of the material. 

104. If € be the quantity a bar of iron, or other matter, 
an inch square and a foot in length, would be extended by 
the force/; and / be any other length in feet ; then 

the extension in the length /. (ii.) 

For, when the force is the same, the extension is obviottsly 

proportional to the length. 
And, since by our principle, art. 99, the extension is as 

the force ; we have / i W : : e : extension produced by the 

weight W = -^, and we obtain from Equation ii. -y-^ 

= A. (iii.) 

In which a is the extension that would be produced in 
the length /, by the weight W. 

105. Where a comparison of elastic forces is to be made, 
it is sometimes convenient to have a single measure which is 
called the modulus of elasticity.* It is found by this ana- 
logy : as the length of a substance is to the diminution of 
its length, so is the modulus of elasticity to the force pro- 
ducing that diminution. Or, denoting the weight of the 
modulus in fibs, for a base of an inch square by m, 

And if j!7 be the weight of a bar of the substance 1 foot 
in length, and 1 inch square ; then if M be the height of the 
modulus of elasticity in feet,t 

-»^ = M. (v.) 

* The term was ftnt used by Dr. Toung. Lectures on Nat. Phil. vol. ii art 819. 
t By this and the preceding equation, were calculated the height and weight of the 
modulus of elasticity of the different bodies in the Alphabetical Table. 
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106. Let the rectangular beam A A^ fig. 14, be supported 
upon a fulcrum D, in equilibrio, and for the present consi- 
dering the beam to be acted upon by no other forces than 
the weights W W ; which are supposed to have produced 
their full effect in deflecting the beam, and the vertical 
section at. B D to be divided into equal, and very thin fila- 
ments, as shown in fig. 15. 

Consider B, fig. 14, to be the situation of one of the small 
filaments in the upper part of the beam, and ad 9^ tangent 
to the curvature of the filament B, at the point B. Now, it 
is clearly a necessary consequence of equilibrium that the 
forces tending to separate the filament at B should be equal, 
and in the direction of the tangent a a ; and the strain is 
obviously a tensile one. 

But since F A is the direction of the weight, we have, by 
the principles of statics. 

Art ft 

B £2 : A fl : : S ( = the resistance of the filament B) : ^' 
= its effect in sustaining the weight W, 

These forces, we know both from reasoning and experi- 
ence, will compress the lower part of the beam ; and let D 
be a compressed filament, of the same area as the filament B, 
and in the same position, and at the same distance from the 
under surface as the filament B is in respect to the upper 
surface. Also, let ^ e^ be a tangent to the filament at D, and 
parallel t^ a a \ and representing one of the equal and oppo- 
site strains on the filament D by ^ D ; we have, e D : e A : I S' 

(the resistance to compression of D) : ^^^ = the effect of 

the filament D in sustaining the weight W. 

The effect of both the filaments, B D, in supporting the 
weight will therefore be, 

Ag.S g A.S | ' 

or since B « = e D, and as portions of the same matter of 
equal area resist extension or compression with equal forces 
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(art. 100) S = S' ; therefore, ^ x (A a + ^ A) = the effect 
of the filaments D and B.* But 



Ao + «A=BD, 

the vertical distance between the filaments.f Consequently 
-^ — = this effect in supporting the weight W. (vi.) 

107. As one side of the beam suffers extension, and the 
other side compression, there will be a filament at some point 
of the depth, which will neither be extended nor compressed ; 
the situation of this filament may be called the neutral axis, 
or axis of motion. 

The extension or compression of a filament will obviously 
be as its distance from the neutral axis; and when the 
neutral axis divides the section into two equal and similar 
parts, its place will be at the middle of the depth. 

And since the effect of two equal filaments is as the dis- 
tance between them, the effect of either will be as its distance 
from the neutral axis ; for the filaments being equal, and 
the strain on them equal, the axis will be at the middle of 
the distance between them ; and the effect of both being 
measured by the whole depth, that of one of them will be 



* But when tbe strain ezceeds the elastic force of a body, the resistance to oom- 
pression exceeds the resistance to tension ; consequently, the effect of the filaments 
must be 

Aa. S -K A.y 
Bo 

Now the difference between S and S' will be constantly increasing till fracture takes 
place, the area of the compressed part being constautly increasing, and that of the 
extended port diminishing. The variation will depend on the ductility of the ma- 
terial, but it cannot be ascertained, unless some very careful experiments were made 
for the purpose ; and fortunately it is an inquiry not required in the practical appli- 
cation of theory. 

f When the flexure becomes considerable, the curve is flattened in consequence 
of the forces compressing the beam, and A a + « A will exceed the vertical distance 
between the filaments ; and the point of greatest strain will be found to change to 
the place where the line A B intersects the filament. This change of the point of 
greatest strain is very apparent in experiment. 
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measured by half the depth. Therefore the eflFect of a fila- 
ment is 

S.BD S.B<2 



2 (B a) Ba 



(vii) 



108. When a beam is sustained in any position,* not 
greatly difiering from a horizontal one, by a fulcrum, as in 
fig. 14, the power of a fibre or filament to support a weight 
at A or A' is directly as its force, its area, and the square of 
its distance from the neutral axis ; and inversely as its dis- 
tance, F B, of the straining force from the point of support. 

For the strain being as the extension, and the extension 
of any filament being directly as the distance of that filament 
from the axis of motion, therefore, the force of a filament is 
as its distance from the axis of motion. But it has been 
shown (art. 103,) that the force is also as the area ; and the 
power in sustaining a weight has been shown (art. 107,) to 
be directly as the vertical distance from the neutral axis, and 

inversely as the length B a, that is, as g- ; and, since the 

triangles F B a, B D/, are similar, 

?i = rL^, therefore 
Ba FB 

(fd)^x the force of filament x by its area ., • i.* •!. _mi . * • / ••• \ 

^ — i i = the weight it will saBtam. (vim-) 

F B 

109. Let d be the depth, divided into filaments, each equal 

to iv the mth part of ^ ; also put F B = /, the breadth of the 

beam = 6, and / the weight that a fibre of a given magni- 
tude would bear when drawn in the direction of its length, 
without destroying its elastic force. 

Now, if we calculate the mean strain upon each filament 



* It does not sensibly differ from the correct law of resistance till the beam be 
so much inclined as to slide on its support ; but the general inyestigation will be 
found in art. 276. 
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by Equation viii. art. 108, we obtain the following progres- 
sion, and its sum is the weight the beam will support.* 



il^ X (1 + 2» + y 



m" 



m — 13 + ^) = W. 



(ix.) 



110. If the beam be rectangular, the value of 



w = 



61 



W 



Therefore the lateral strength of a rectangular beam is 
directly as its breadth, and the square of its depth, and in- 
versely as its length. 

And when the beam is square, its lateral strength is as the 
cube of its side. 

111. If a plate be fixed along one of its sides AB, and 

the load be applied at the angle C ; 
then if the distance A B be greater 
than B C, the plate will break in the 
direction of some line EB. To find 
B this line, put F C = /, the leverage, and 
E B = i, the breadth ; also t = the 
tangent of the angle E B C. Then, by 
similar triangles. 




VI + ^::BC:« = 



BC X < 



and 



therefore 



l:Vl + <'::BC:&=BCx ^yl+fii 



HI 61 



But this equation is a minimum when /= 1 ; that is, when 
the angle E B C is 45 degrees ; consequently 

* The first tenn of the progresiion is eqmvalent to the quantity called a fluxion, 

ifbsfix 
and is usually written thuji, j The same remark applies to the other 

progressions. 
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112. If the beam be rectangular, and the strain be in a 
perpendicular direction to one of its diagonals A C, making 
that diagonal = b, and the depth E F = a, the progression 
becomes (because the breadth is successively 



-2x,a — ix,tc) 



i^x |a(l + 2«+ !^)-Sa:(1 + 2« + ...^). I 

or, W = -^jJT- • (xii) 

If the beam be square, the direction of the straining force 
coincides with the vertical diagonal, and in that case 



But the diagonal of a square beam is equal to its side multi- 
plied by ^ 2; hence, if rf be the side, we have 

Consequently the strength of a square beam, when the force 
is parallel to its side, is to the strength of the same l>eam 
when the force is in the direction of its diagonal as 



or as 10 is to 7 nearly. 
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113. If the beam be a cylinder, and r the radius^ then 6 is 
successively 

And ^^ X I V** — a* + »* V»^-(2«)» + Ac. | ^^ W 

or, W =5 ^ (XV.) 

If d be the diameter, then 

W - '^^^^/^ (xyi.) 

The lateral strength of a cylinder is directly as the cube of 
its diameter, and inversely as the length. 

The strength of a square beam is to that of an inscribed 
cylinder as 

8 : 6 X '7854, that i«, aB 1 : '589, or as 1*7 : 1. 

114. If the section of the beam be an ellipse, when the 
strain is in the direction of the conjugate axis, we have by 
the same process 

where t is the semi-transverse, and c the semi-conjugate 
axis. 

115. If the beam be a hollow cylinder or tube, and r be 
the exterior radius, n r being 'that of the hollow part, then by 
the same process * we find 

^^>78g4/^(l-n^^ (xviiL) 

The radius of a solid cylinder that will contain the same 
quantity of matter as the tube, is easily found by geometrical 
construction in this manner : make B D perpendicular to 
B C ; then C D being the radius of the tube, and B C that of 

* Dr. Toang giyM a rule which it esseDtially the same, of which I was not aware 
when my " Principles of Carpentry " was written. See Natural Philosophy, vol. ii. 
art. 889, B. scholium. In a recent work on the Elements of Natural Philosophy, by 
Professor Leslie, vol. i. p. 242, the learned author has neglected to oonsider the effect 
of eztention in his inyestigation of this equation. 
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the hollow part, B D will be the radius of a sohd cyUnder 
which will contain the same quantity of matter as the tube. 
Because 

BD2=CD3-BC8. 






By comparing Equation xv. and xviii. we find that when a 
solid cylinder is expanded into a tube, retaining the same 
quantity of matter, the strength of the solid cylinder being 1, 

that of the tube will be ,} " ^l , ■ When the thickness P E 

(i-ti»)l 

is ^th of the diameter A E, the strength will be increased in 
the proportion of 1*7 to 1. And when FE is g^ths of the 
diameter, the strength will be doubled by expanding th^ 
matter into a tube. But a greater excess of strength cannot 
be safely obtained than the latter, because the tube would 
not be capable of retaining its circular form with a less 
thickness of matter. From ^th to i^th seems to be the 
most common ratio in natural bodies, such as the stems of 
plants, &c. 

116. If a beam be of the form shown in Plate I., fig. 9 
(see art. 38, 39, and 40), and d be the extreme depth, and d 
the extreme breadth ; qdzzthe difference between the breadth 
in the middle and the extreme breadth, and p d the depth of 
the narrow part in the middle ; then by the process employed 
by calculating Equation x. we find 

W=/^x(l -(?!>».) (xix.) 

117. If the middle part of the beam be entirely left out, 
with the exception of cross parts to prevent the upper and 

H 
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lower Bides coming together, as in figs. 11 and 12, Plate II. 
(see art. 41), and d be the whole depth, p d the depth of the 
part left out in the middle, and b the breadth, then 



118. Hitherto we have only considered those forms where 
the neutral axis divides the section into identical figures ; but 
there are some interesting cases* where this does not 
happen, such, for example, as the triangular section. 

Taking the case of a triangular section with a part removed 
at the vertex, we shall have a general case which will include 
that of the entire triangle. Let d be the depth of the com- 
plete triangle, and m d the depth of the part cut off at the 
vertex ; and n d the depth of the neutral axis, M N, from the 
upper side a 2 of the beam ; then the distance of the neutral 
axis from the base wiU be (1 — n — m) d. If both sides of 
the neutral axis were the same as the upper one, the strength 



would be equal to that of a parallelogram abp q, added to a 
triangle a op j hence from Equation x. and xii. we have 

But to find the place of the neutral axis, we must compare 
the strength of the lower side with the upper one ; and the 

* The7 ire mtereitinK, becaun tb« garl; tbeonBts fcU into eome oerioua tntm 
renpeatiug tham, vxA coDsequentlf httv* led pnictical engiDecn i 
opinioiu. 



SECT. YU.] RESISTAJTCE TO PRESSURE. 99 

strength of tke lower side is equal to that of a rectangle 
M N B C minus a triangle qrC, or 

And consequently, 

»» {^ » + ») = ^ (1 - » - »)^ - (1 - «—»)». 
Whence, 



*' 2(l-jii) ^\ 2(l-m) / " l — TO 

When mzzO'l, then «=-592, and 

■848/6 (P , 

But if «*=(?, or the triangle ABC be entire, then «=:"697 
nearly.* And 

If w= 5 we have »=*58166, and 

Where m=:01, the strength is about the greatest possible, 
a triangular prism being about ^th part stronger when the 
angle is taken off to i^th of its depth, as shown by the 
shaded part of the figure. Emerson first announced this 
seeming paradox, | but it is easily shown that his solution 
only appUes to the imaginary case where the neutral axis is 
an incompressible arris, at the base of the section. 

A triangular prism is equafly strong, whether the base or 
the vertex of the section be compressed : § and by comparing 

* Daleau obtaini a result equivalent to n = *57 in this case, but the result only is 
given. Esaai Th^rique^ &o., p. 77. 

t This rule was fint published in the Philosophical Magasine, toL xItIl p. 22. 
1816. 

t Mechanics, Sect VIII., p. 114. 5th edit. 1800. 

$ Duleau has proved the truth of this by his experiments on the flexure of trian- 
gular bars. Essai smr la R^Bistance^ &c., p. 26. 

H*2 
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Equations x. and xxii. it appears that its streagth is to that 
of a circumscribed rectangular prism as 339 : 1000, or nearly 
as. 1 : 3. But let it be remembered that this ratio only 
apphes to strains which do not produce permanent alteration 
in the materials, and ^here the arris is not injured by the 
action of the straining force : if the strain be increased so as 
to produce fracture, the triangle will be found still weaker 
than in this proportion, when the arris is extended, and 
somewhat stronger when the arris is compressed; in the 
former case, from the imperfection of castings, where there is 
much surface in proportion to the quantity of matter, as in 
all acute arrises ; in the latter case, from the saddle or other 
thing used to support the weight reducing the quantity of 
actual leverage. 

It may be usefrd to remark, that a triangle contains half 
the quantity of matter that there is in the circumscribing 
rectangle, but its strength is only one-third ; hence it is not 
economical to adopt triangular sections, and a like remark 
applies to the T formed sections so commonly used. 

119. If the whole depth of a T formed section be d, its 
greatest breadth d, and its least breadth (1 — q) b. Then, 
supposing the depth of the neutral axis M N from the narrow 

edge A E to he ^d, the strength of the bar will be 

4/6<P(l-g) 

oTi? — -^- 

For -jp- would be the square of the whole depth were both 

sides of the neutral axis the same ; and the strength would 
be equal to a rectangle of that depth with the breadth 
(1-y) b. 

But the strength of the other side of the axis by Equa- 
tion xix. is 

6 i n3 
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bence we have the equation {n — 1)^ (1 — qjf^) = l — q to 
determine the place of the neutral axis ; or 



n = 1 + V 



/irr 



consequently, 



l-gj>»' 



iZi^iliLi) = w. 



"i'-^'i) 



. (Mdv.) 



This formula is complicated, but it affords some curious 
results. If we make p^o, we have the strength of a bar 
with its neutral axis at C, and the depth A C is 



KrT^)'' 



where d is the whole depth. 

Andif AE = i DB, then AC = f rf, when 
the neutral axis is at C. 

The neutral axis may be at any point that 
may be chosen between the point C and half 
the depth, by varying the values of q or p for ^ 
that purpose. 

If we make 




q = •76,andi> - -5, then A M =rT^, and D P = C M; 



also 



A E » i D B. 



The strength is 



6 X 2*4 2 



w. 



XXV 



The figure is drawn in these proportions, d is the whole 
breadth D B, and d the whole depth. Its strength is to that 
of the circumscribing rectangle shown by the dotted lines as 



2-4 



: 1 or as 5 : 12. 



These equations show the relation between the strength of 
beams, and the weight to be supported in some of the most 
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useful cases when the load is applied as in fig. 14; but 
previous to considering how these equations will be eflPected 
by varying the mode of supporting the beam, it will be 
desirable to give some rules for estimating the deflexion of 
beams. 

1*20. The deflexion of a beam supported as in fig. 16, 
Plate II., is caused by the extension of the fibres of the 
upper side, and the compression of those on the under side ; 
the neutral line ABA' retains the same length. 

If we conceive the length of a beam to be divided into a 
great number of equal parts, and that the extension, at the 
upper side of the beam, of one of these parts is represented 
by a d, then the deflexion produced -by this extension will 
be represented by d e, and the angles ac6, d ce^ being 
equal, we shall have d c : dc : : ab : de; the smallness of 
the angles rendering the deviation from strict similarity 
insensible. 

Now, however sniall we may consider the parts to be, into 
which the length is divided, still the strain will vary in diflfer- 
ent parts of it, and consequently the deflexion ; but if we 
consider the deflexion produced by the extension of any 
part, to be that which is due to an arithmetical mean between 
the greatest and least strains in that part, we shall then be 
extremely near the truth. 

We have seen that the strain is as the weight and leverage 
directly, and as the breadth and square of the depth inversely 
(see art. 108). Our investigation will be more general by 
considering the weight, breadth, and depth variable, by taking 
/, d, and d for the length, breadth, and depth of the middle 
or supported point, and W for the whole weight, and a*, y, 
and w for the depth, breadth, and weight on any other point. 
Then, the deflexion from the strain at any point c is as 



Wj£ w X (dc)* , 2bcPtw(d e)^ 
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And, if xr be the length of one of the parts into which we 
suppose the whole length divided, then the deflexion from the 
mean force on the length of'z situate at c will be 



X 



Since the whole deflexion D A is the sum of the deflexions 
of the parts, we have 

121. Case 1. When a beam is rectangular, the depth and 
breadth uniform, and the load applied at one end* Then, 



1 

h=y, d=x, and W=4ti 



M IJ \i A U V 



Therefore the progression becomes! 

^; i:\i vi:k'sitv of-' 

of which the sum is ., . * . ^ . . i . 

-^-=- =3 the deflexion D A.* 6L) 

o a 

122. Case 2. When the section of the beam is rectan- 
gular, and the load acts at one end, the depth being uniform, 
but the breadth varying as the length. 

In this case the progression is 

?^ X (1 + 2, &c.) = ^=tlie deflexion D A. fiii.) 

This is the beam of uniform strength, described in art. 30, 
fig. 6, and the deflexion is ^rd more than that of a beam of 
equal breadth throughout its length. The deflexion of the 
beam of equal strength described in art. 83 is the same ; the 
neutral axis becomes a circle in both these beams. f 

* The flame relation is otherwise determined in Dr. Young's Natural Philosophy, 
▼ol. ii art 825. 

+ M. Girard arriTes at the erroneous conclusion, that all the solids of equal 
resBstance curve into circular arcs, (Traits Analytique, p. 82,) in consequence of 
neglecting the effect of the depth of the solid on the radius of ourrature. 
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In this case it is easily shown by other reasoning that the 
curve of the neutral axis is a portion of a circle, and it is well 
known that in an arc of very small curvature (one of such 
as are formed by the deflexions of beams in practical cases), 
the versed sine is sensibly proportioned to the square of the 
siBe. This will enable theLder to fonn an estLte of the 
accuracy of the method I here follow. I am perfectly satis- 
fied that it is correct enough for use in the construction of 
machines or buildings, and that it is a useless refinement to 
embarrass the subject with intricate rules ; but this explana- 
tion may be necessary to some nice theorists, who aim rather 
at imaginary perfection than useful application. 

123. Case 3. When the section of the beam is rectangu- 
lar, the load acting at the end, the breadth uniform, and the 
depth varying as the square root of the length ; which is the 
parabolic beam of equal strength. (See art. 27, fig. 3, 
Plate I.) 

In this case the progression is 



d 

ill 

Zd 



= the deflexion D A. (iv.) 



The deflexion is double that of a uniform beam, while the 
quantity of matter is only lessened ^rd. 

124. Case 4. When the section of the beam decreases 
from the supported point to the end where the load acts, so 
that the sections are similar figures, then the curve bounding 
the sides of the beam will be a cubical parabola ; that is, the 
depth will be every where proportional to the cube root of the 
length. 

In this case the progression is 

^ *^ ^ x (l| + 2| + &c.)=5-^-=the deflexion DA. (v.) 

d b d 

The deflexion is to that of a uniform beam as 1*8 : 1. 
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125. Case 6. When a beam is of the same breadth 
throughout, and the vertical section is an ellipse (see fig. 8, 
art. 32), the deflexion from a weight at the vertex may be 
exhibited in a progression as below : 

T" \ i + r + &c.+ -\ 



P 9 r / 2 \ 

— 3— x( ;+&0. )=DA. 



By actually summing this progression when «» — 10, we 
have 

-— — = the deflezion D A. (vL) 

126. Case 6. If a rectangular beam of uniform breadth 
and depth be so loaded that the strain be upon any point c, 
then 

P : d ex {2 I — d e) : :W : «= y^ ^ . 

This value of w being substituted in Equation i., we have 

^{2i(l« + 2»+&a)-«(l» + 2»,&a)}=ijx 

Lii 
6d 



(4- 4) = ^^= tho deflexion D A .• (vii.) 



This is the deflexion of a beam uniformly loaded when it 
is supported at the ends, / being half the length. 

127. Caae 7. If the section of a beam be rectangular, 
and the breadth uniform, but a portion of the depth varying 
as the length, and the rest of it uniform : then the depth at 
any point c will be 



■T (1 — »i + nf)«a;; 

the depth at the point where the weight acts being the 
1 - — nth part of the depth at the point of support. 

« This relatiofn is otherwise determined by Dr. Young, Nat. Philos. vol. L art 829. 
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This value of x being substituted in Equation i., art. 120, 
it becomes 



X 



r 1 2* 1 

I += +&al«DA. 

l(l-««+ti2)« (l-.ni + 2n«)» J 



And the general expression for the sum of this progression is 

a L n* 2ii' 2n' »• ' " 1— nj 

When » = '5, as in the beams figs. 4 and 5, Plate I., we 
have 

1*09 ^t 

— T — »D A the deflexion. (^^) 

Hence the defl^non of a uniform beam being denoted by 1, 

this beam will be deflected 1*635 by the same force ; the 

middle sections being the same. 

If the beam be diminished at the end to two-thirds of the 

depth at the middle, then 

1 
tt^— * 

and 

0-895 P • ~ , ^, , - . ^ ^ 

— 3 — = D A the deflexion. px.) 

a 

. 

128. Case 8. If a rectangular beam be supported in the 
middle, and uniformly loaded over its length, then 

W(dc) 



2 : (cKc) : : W:««' 



I 



Hence, when the beam is of uniform breadth and depth, 
we have, by substituting this value of v> in Equation i., 
art. 120, 

i^ X (l+2»+3«+ Ac.) -^«D A the deflexion. (x.) 

In this case the deflexion is f ths of the deflexion of 
the same beam having the whole weight collected at the 
extremities. 

129. Case 9. If a beam be generated by the revolution 
of a semi-cubical parabola round its axis, which is the figure 
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of equal strength for a beam supported in the middle when 
the weight is uniformly diflFused over its length, then 

-,-.,-«. .242. 

These quantities, substituted in Equation i., art. 120, give 

i~-^x {l + 2* + 8*+&c.}«^«:D Athedeflexion, (xi.) 

Here the deflexion is f ths of that of a uniform beam with 
the load at the extremities. 

130. Case 10. If a beam to support a uniformly dis- 
tributed load be of equable breadth, but the depth varying 
directly as the distance from the extremity, as in fig. 21, 
Plate III., then 

d{de) 



lxd\\{dc) : x^- 
b \m constant^ and w 



(dc)W 



therefore, by Equation i., art. 120, 

2 €i* 

— ^ sD A the deflexion. /^ii \ 

If the beam had been uniform, and the loads at the extremi- 
ties, the deflexion would have been only |rd of the deflexion 
in this case. 

The cases I have considered are perhaps sufBcient for the 
ordinary purposes of business ; the next object is to show 
how these calculations are affected by changing the position 
and manner of supporting the beam, or the nature of the 
straining force ; and to compare them with experiments, and 
draw them into practical rules. For this purpose the most 
clear and the most useful plan seems to be that of taking 
known practical cases for illustration. 
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BEAMS SUPPORTED IN THE MIDDLE, AND STRAINED AT THE 
ENDS, AS IN THE BEAM OF A STEAM-ENGINE. 

131. The distance P B, fig. 14, of the direction of the 
straining force from the centre of motion being constantly 
the same, the strain will be the same in any position of the 
beam (art. lOS). Also, the deflexion from its natural form 
will be the same in every position, because the strain is the 
same ; and the length does not vary with the position. 

Now the force acting upon the beam of a steam-engine 
being impulsive, the practical rules for its strength will be 
found in the eleventh section ; the formula calculated in this 
section being used to establish those rules. 

BEAMS FIXED AT ONE END ; AS CANTILEVERS, CRANKS, &C. 

132. The strain upon a beam supported upon a fulcrum, 
as in fig. 14, is obviously the same as when one of the ends 
is fixed in a wall, or other like manner ; for fixing the end 
merely supplies the place of the weight otherwise required to 
balance the straining force. But though the strain upon the 
beam be the same, the deflexion of the point where the strain 
is applied will vary according to the mode of fixing the end ; 
because the deflexion of the strained point will be that pro- 
duced by the curvature of both the parts A B and B A'. 

133. Let the dotted lines in fig. 17, Plate III., represent 
the natural position of a beam fixed at one end in a wall : 
when this beam is strained by a load at A, the compression 
at C will always be enough to allow the beam to curve 
between A' and B, and the strain at the point A' will obviously 
be the same as if a weight were suspended there that would 
balance the weight at A. Let ABA' be the curvature of 
the beam by the load W, and a a' a tangent to the point B. 
Then A' a is proportional to the deflexion produced by the 
strain at k\ and 
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A'B:BD : : A' a' : D <i=^^^i^^- 

A a 

the deflexion from the curving of the part A' B ; therefore 

BDxA'a' . ,, V , i. n . Tx A 
Y, ^ — + A a«tne whole deflexion D A. 

Now, since the deflexion is as the square of the length 
(see Equation i.-xii., art. 120-130), we have 

(BA)^:(BA')«::Aa:A'a'-:^^^^M'. 

Therefore, 

/, B D X B A'\ ... 

^'•n^-^ (BA)» r^^ (»•) 

If the angle D B A be represented by c, then 

BD»BAxcos.c; 

and putting 

BA' 
•^ BA' 

we have 

Aax(l+r. ooa.e)»D A. (ii) 

But since the deflexion is always very small, in practical 
cases, we may always consider cos. 0=1, or equal to the 
radius, and then we have 

Aax(l+r)»DA. (ui.) 

134. In this equation r is the ratio of the length out of the 
wall to the length within the wall ; that is, 

B A : B A' ; : 1 : r. 

If the beam be either supported in the middle on a fulcrum, 
or fixed so that the length of the fixed part be equal to that 
of the projecting part, then 

r«l, and 2 (A a) »D A. (It.) 

135. If the fixed part be of greater bulk than the project- 
ing part, or it be so fixed that the extension of the fixed part 
would be very smaU, then the e£Pect of such extension may be 



110 RESISTAKCE TO PRESSURE. [sect. vii. 

neglected, and the deflection D A and A a will be the 
same ; particularly in the cranks of machinery, as in fig. 18, 
because by employing this value of D A in calculating the 
resistance to impulsion, we err on the safe side. See art. 327. 



BEAMS SUPPORTED AT BOTH ENDS, AS BEAMS FOR 

SUPPORTING WEIGHTS, &C. 

136. When the same beam is supported at the ends, as in 
fig. 19, instead of being loaded at the ends, and supported 
in the middle, as in fig. 14, and the inclination and sum of 
the load be the same in both positions, the strains will be the 
same. 
• In either position of the beam we have 

WxFB^W'xP'B, 



or as ' 



and therefore. 
Consequently, 



W:W'::FB :PB; 



W+W':W: :FP':P'R» 



Tt, «« W + W'xF'BxFB 
^""^^ FF 



If the beam be a rectangle, and the whole length F F = /, 
and W the whole weight, then by art. 110, Equation x. 

fhd^ WxFBxFB 

-6 1 W 

137. And the strain is as the rectangle of the segments 
into which the point B divides the beam ; and therefore the 
greatest when the point B is in the middle, as has been other- 
wise shown by writers on mechanics.f 

If the weight be applied in the middle, then 



W+W^x F BxFB _ W + W^xFF 

* Euclid's Elements, Prop. XYin. Book v. 
t Gregory's Mechaniosy vol. L art. 173, cor. 2. 



1 
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In a rectangular beam, the whole length being /, and W 
the whole weight, then 

138. When a weight is distributed over the length of a 
beam A B, fig. 20, in any manner, the strain at any point C 
may be found. For let G be the centre of gravity of that 
part of the load upon A C, and y that of the load upon B C. 
Then by the properly of the lever, 

— j-Q— =the stress at C from the weight w of the load upon 

AC. 

Also, 

^1 =the stress at C from the weight to' of tjie load upon 

CB. '/. 

Therefore the whole stress is , ' .' ' , 

/ 



ACxCB ' / 

And by Equation v. art. 136, the strain will be 



*/ > 



vxGBxAG + w'xACx^rB , ... 
AB — <^"-> 

139. Case 1. When the weight is uniformly distributed 
over the length, then 

AG»i AC; jrB^JCB, andw+«/=W, 

the whole weight upon the beam ; these values being substi- 
tuted in Equation vii. it becomes 

WxACxCB ^. ^^ 

2AB =s*>»»» ft* C. (viiL) 

The strain is greatest at the middle of the length, for then 
A C X C B is a maximum, and it is evidently the same as if 
half the weight were collected there ; for in that case A C 
bemg equal C B, and either of these equal to half A B, we 
have in the case of a rectangular beam 
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140. Case 2. When the load increases firom A to B in 
proportion to the distance from A ; then 

Now since 



and 



also 



«0 + ic/ » the whole weight 






^.4CBxW^^4^, 



if these values be inserted in Equation vii. we have 

\^^ (Aff-AC?) = the strain at C. (x.) 

By the principles of maxima and minima of quantities, we 
readily find that the strain is the greatest at the distance of 

V^A B from A. And the strain will be nearly 

' at the point of greatest strain — ' when Wis the whole weight, (xi) 

This distribution of pressure appUes to the pressure of a 
fluid against a vertical sheet of iron ; as in lock-gates, reser- 
Voirs, sluices, cisterns, piles for wharfs, &c. 

141. Case 3. When the load increases as the square of 
the distance from A, we find by a similar process that the 
strain at any point C is 

The point of maximum strain in this case is at the distance 
of (j)* A B from A. 
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PRACTICAL RULES AND EXAMPLES. 
RESISTANCE TO CROSS STRAINS. 

142. Prop. I. To determine a rule for the breadth and 
depth of a beam, to support a given weight or pressure, when 
the distance between the supported or strained points is 
given ; when the breadth and depth are both uniformly the 
same throughout the length, and the strain does not exceed 
the elastic force of cast iron. 

143. Case 1. When a beam is supported at the ends, and 
loaded in the middle, as in fig. 19. From Equation vi. art. 
137, taking W for the weight, we have 

WZ = ^:?^,wheref=PF'; fig. 19, 
8 

and the value of/ is the only part required from experiment \ 
and 

8iW 



26<^ 



=/. 



Now, in the experiment described in art. 56, Sect. V., the bar 
returned to its natural state when the load was 300 lbs., and 
I was perfectly satisfied that it would bear more than that 
weight without destroying its elastic force. Therefore, from 
this experiment, 

8 X 84 x 800 , ,,„^^ „ , 
=/ = 15800 fts.* 

That is, cast iron of the quality described in art. 56, will bear 
15,300 lbs. upon a square inch, when drawn in the direction 

* Mr. Tredgold finds here that cast iron will bear a direct tensile force of 15,800 fts. 
per square inch without injury to its elasticity, and conoludee (arts. 70 — 76) that its 
utmost tensile force is nearly three times as great as this, or upwards of 20 tons. 
But it will be shown in the " Additions," art. 3, that a less weight per inch than 
15,800 fts. was sufficient to tear asunder bars of several sorts of cast iron ; and the 
mean strength of that metal, from experiments on irons obtained from various parts 
of the United Kingdom, did not exceed 16,505 &s. per square inch. Mr. Tredgold 
was mistaken in supposing the bar to have borne 800 fts. without injury to its 
elastioity, as will be seen under the head ** Transverse Strength *' in the Additions. — 
Editob. 

I 
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of its length, without producing permanent alteration in its 
structure. If this value of / be employed, our equation 
becomes 

t» OtPl 

2 X 16300 ' 

or, as it is convenient to take / in feet, 

8 X 12 X /x y riw_ 

2 X 15300 *°860 

144. Bule 1. To find the breadth of a uniform cast iron 
beam, to bear a given weight in the middle. 

Multiply the length of bearing in feet by the weight to be 
supported in pounds ; and divide the product by 850 times 
the square of the depth in inches ; the quotient will be the 
breadth in inches required.* 

145. Bide 2. To find the depth of a uniform cast iron 
beam, to bear a given weight in the middle. 

Multiply the length of bearing in feet by the weight to be 
supported in pounds, and divide this product by 850 times 
the breadth in inches ; and the square root of the quotient 
will be the depth in inches. 

When no particular breadth or depth is determined by the 
nature of the situation for which the beam is intended, it will 
be found sometimes convenient to assign some proportion ; 
as, for example, let the breadth be the nth part of the depth, 
n representing any number at will.. Then the rule becomes — 

146. Bule 3. Multiply n times the length in feet by the 
weight in pounds ; divide this product by 850, and the cube 
root of the quotient will be the depth required: and the 
breadth will be the nth part of the depth. 

It may be remarked here, that the rules are the same for 
inclined as for horizontal beams, when the horizontal distance, 
F F' fig. 19, is taken for the length of bearing. 

* If tbd bar is to be of wrought iron, divide by 952 iostead of 850, 
If the beam be of oak, divide by 212 instead of 850. 
If it be of yellow fir, divide by 255 instead of 850. 
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147. Example 1. In a situation where the flexure of a 
beam is not a material defect, I wish to support a load which 
cannot exceed 33,600 libs, (or 16 tons) in the middle of a cast 
iron beam, the distance of the supports being 20 feet ; and 
making the breadth a fourth part of the depth. 

In this case 

. , 4 X 20 X 38600 -.,i.««r 

» SB 4 and — 3162*85. 

860 

The cube root of 3162-35 is nearly 1468 inches, the depth 
required ; the breadth is 

= 3*87 inohefl. 

In practice therefore I would use whole numbers, and make 
the beam 15 inches deep, and 4 inches in breadth. 

148. Case 2, When a beam is supported at the ends, but 
the load is not in the middle between the supports. In this 
case 

W.FB X PB /6<P 

(Equation, v. art. 136,) consequently 

4PBx FB X W 



860 ; 



= 6ci». 



149. Rule. Multiply the distance PB in feet (see fig. 19) 
by the distance P' B in feet, and 4 times this product, divided 
by the whole length FF in feet, will give the effective 
leverage of the load, which being used instead of the length in 
any of the rules to Case 1, Prob. i., the breadth and depth 
may be found by them. 

150. Example. Taking the same example as the last, 
except that, instead of placing the 1 5 tons in the middle, it 
is to be applied at 5 feet from one end ; therefore we have 
F B — 5 feet, and consequently 



M<.« nw » ^ ,6x15x4 -- 
F' B = 16 feet; and 5- = 15 



IS 
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the number to be employed instead of the whole length in 
Rule 3. That is, 

4 X 15 X 83600 



850 



= 2872 nearly ; 



and the cube root of 2372 is nearly 1334 inches, the depth 
for the beam, and 



— -- = 8'83 inchoB 



for the breadth, or nearly 13^ inches by 3^ inches. 
In the former case it was 1 5 inches by 4 inches, 
151. Case 3. When the load is uniformly distributed 

over the length of a beam, which is supported at both ends. 
In this case 



WZ /6<P 
8 " 6 ' 

Tsee Equation ix. art. 139,) hence 

zw 



)i X 860 



= ft(P. 



The same rules apply as in Case 1, art. 144, 145, and 146, 
by making the divisor twice 850, or 1700. 

152. Example. In a situation where I cannot make use of 
an arch for want of abutments, it is necessary to leave an 
opening 15 feet wide, in an 18 -inch brick wall ; required the 
depth of two cast iron beams to support the wall over the 
opening ; each beam to be 2 inches thick, and the height of 
the wall intended to rest upon the beam being 30 feet ? 

The wall contains 

80 X 15 X 1^ = 675 cubic feet ; 

and as a cubic foot of brick-work weighs about 100 lbs., the 
weight of the wall will be about 67,500 fl)8. ; and half this 
weight, or 33,750 lbs. will be the load upon one of the beams. 
Since the breadth is supposed to be given, the depth will be 
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found by Rule 2, art. 145, if 1700 be used as the constaDt 
divisor; thus 

15 X 88760 



1700 X 2 



= 149 nearly. 



The square root of 149 is 12^ nearly ; therefore each beam 
should be 12^ inches deep, and 2 inches in thickness. This 
operation gives the actual strength necessary to support the 
wall ; but I have usually taken double the calculated weight 
in practice, to allow for accidents. 

In this manner the strength proper for bressummers, 
lintels, and the like, may be determined. But if there be 
openings in the wall so placed that a pier rests upon the 
middle of the length of the beam, then the strength must be 
found by the rule, art. 145. A rule for a more economical 
form is given in art. 193. 

153. Case 4. When a beam is fixed at one end, and the 
load apphed at 'the other; also when a beam is supported 
upon a centre of motion. By Equation x. art. 110, 



w.-iiS, 



and taking / in feet, and/ = 15,300 lbs., we obtain 



wi 



212-5 



Tic^ft*^. 



but the divisor 212 will be always sufficiently near for practice. 
154. Bale 1. In a beam fixed at one end, take BD for 
the length, fig. 17, Plate III., or if the beam be supported in 
the middle, as in fig. 14, Plate II., take B F or B F for the 
length, observing to use the weight which is to act on that 
end in the calculation. Then calculate the strength by the 
rules to Case 1, art. 144, 145, and 146, using 



'^ = 212 



instead of 850 as a divisor. 
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Example. By this rule the proportions for the arms of a 
balance maybe determined. Let the length of the arm, from 
the centre of suspension to the centre of motion, he \\ feet ; 
and the extreme weight to be weighed 3 cwt., or 336 ibs., and 
let the thickness be ^^th part of the depth. Then by the rule 

10 X 1-5 X 886 «, 

— 2i2 — = ^* ''^^'^y- 

The cube root of 24 is 2*88 inches, the depth of the beam 
at the centre; and the breadth will be 0'288 inch. 

For wrought iron the divisor is, in this case, 238, and 
taking the same example, 

10 X 1-5 X 886 



288 



= 21-2. 



The cube root of 21 2 is 2" 77 inches, the depth required; 
and the breadth is 0*277 inch. 

155. Ride 2. If the weight be uniformly distributed over 
the length of the beam, employ 425 as a divisor, instead of 
850 in the rules to Case 1, art. 144, 145, 146. 

156. Example. Required the depth for the cantilevers of 
a balcony to project 4 feet, and to be placed 5 feet apart, the 
weight of the stone part being 1000 lbs., the breadth of each 
cantilever 2 inches, and the greatest possible load that can 
be collected upon 5 feet in length of the balcony 2200 lbs. ? 

Here the weight is 

1000 + 2200 = 8200 fts. ; 



and by Rule 2, Case 4, 

8200 X 4 



2 X 425 



=3 15*1 nearly 



and the square root of 15*1 is 3*80 nearly, the depth 
required. 

157. Remark. The depth thus determined should be the 
depth at the wall, as A B, fig. 21, Plate 111. ; and if the 
breadth be the same throughout the length, the cantilever 
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will be equally strong in every part, if the under side be 
bounded by the straight line B C ; * therefore, whatever 
ornamental form may be given to it, it should not be reduced 
in any part to a less depth than is shown by that line. 

158. The strength of the teeth of wheels depends on this 
case. But since in consequence of irregular action, or any 
substance getting between the teeth, the whole stress may be 
thrown upon one comer of a tooth ; and it has been shown 
in art. Ill, that the resistance is much less in that case, for 
then the strength of a tooth of the thickness d would only be 

/:? = w, 

if it were everywhere of equal thickness j and to make 
allowance for the diminution of thickness, we ought to make 

~- = W. We have also to make an allowance for wear,t 

which will be ample enough at the rate of ^rd of the thick- 
ness ; therefore, 

6 ^ ' °' 10-25 " ^• 

In cast iron/= 15,300; whence we have, with sufficient 
accuracy, 



w 



1500 



Rule. Divide the stress at the pitch circle in ibs. by 1500, 
and the square root of the product is the thickness of the 
teeth in inches. 



* Emenon*s Meehanios, 4to. edit prop. IzziiL oor. 2. It was first demonstrated by 
Galileo, the earliest writer on the reeistanoe of solids. Opere del Galileo, Disoorsi, 
&C., p. 104, tome iL Bonon, 1655. 

t The allowance for wear shoold be for a Telocitj of 8 feet per second ; and in 
proportion to the velocity, that is, 

as 8 : 1 ^ : : V : — . 
' 12 

Hence it— igtv r:^ \(\ — i v) ^» or ^ t (8 — v), should be deducted from the 

thickness in the Table, for velocities differing from 8 feet per second. 
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Example 1. Let the greatest power acting at the pitch 
circle of a wheel be 6000 fts. Then 



6000 
1500 



= 4; 



and the square root of 4 is 2 inches, the thickness required. 

The breadth of teeth should be proportioned to the stress 
upon them, and this stress should not exceed 400 9)s. for 
each inch in breadth, when the pitch * is 2^ inches, because 
the surface of contact is always small, and teeth work irregu- 
larly when much worn. 

The length of teeth ought not to exceed their thickness, 
but the strength is not affected by the greater or less length 
of the teeth, t 

A Tabu of the TMekneu, Breadth, and Pitch of Teeth for Whtel Work. 



Stress in lbs. at the 
pitch drde. 


Tbiokness of 
teeth. 


Breadth of 
teeth. 


Pitch t in inches. 


tt>8. 


inches. 


inches. 


inches. 


400 


0-62 


1 


M 


800 


0-73 


2 


1-5 


1200 


0-90 


3 


1-9 


1600 


103 


4 


2*2 


2000 


1-15 


5 


2-4 


2400 


1-26 


6 


2-7 


2800 


1-36 


7 


2-9 


3200 


1-43 


8 


8-0 


3600 


1-56 


9 


8-3 


4000 


1-64 


10 


3-4 


4400 


1-70 


11 


3-6 


4800 


1-78 


12 


8-7 


5200 


1-86 


13 


3-9 


5600 


1-93 


14 


40 


6000 


200 


16 


4-2 



159. As good proportions for the teeth of wheels are of 
much importance in the construction of machinery, I shall 

* The surface of oontact is nearly in the direet ratio of the pitch, and therefore the 
breadth for a 2i-inch pitch being given, the breadth for any other teeth will be 
directly as the stress, and inversely as the pitch. 

t On the length and form of teeth for wheels, the reader may consult the Additions 
to Buchanan's Essays on Mill-work, vol. i p. 39, edited by Mr. Rennie, 1842 ; or the 
Paper on the Teeth of Wheels, by Professor Willis, given at p. 139 of that work, and 
in the second volume of the Institution of Civil Engineers. 

X The pitch is the distance from middle to middle of the teeth, and is here made 
2*1 times the thickness of the teeth. 
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illustrate the mode of applying this Table by examples of 
different kinds. 

Case 1. It is a common mode to compute the stress on 
the teeth of a machine by the power of the first mover, 
expressed in horses' power, and the velocity of the pitch 
circle in feet per second. Now, though I have given the 
stress in pounds in the Table, I have still kept this popular 
measure in view ; and assuming a horse's power to be 200 
fts. with a velocity of 3 feet per second, which we ought to 
do in calculating the strength of machines, — 

Then, the breadth in inches will be equal to the horses' 
power, to which the teeth are equal, when the velocity of the 
pitch circle is 1^ feet per second ; twice the breadth will be 
the horses' power when the velocity is 3 feet per second ; three 
times the breadth will be the horses' power when tKe velocity is 
4^ feet per second ; four times the breadth will be the horses' 
power when the velocity is 6 feet per second ; five times the 
breadth will be the horses' power when the velocity is 7^ feet 
per second ; and generally n times the horses' power when 
the velocity of the pitch fcircle is n times 1^ feet per second. 

Example. Let a steam engine of 10 horses' power be 
applied to move a machine, and it is required to find the 
strength for the teeth of a wheel in it, which will move at 
the rate of 3 feet per second at the pitch circle. 

Here then the horses' power should be double the breadth ; 
consequently the breadth will be 5 inches, and according to 
the Table, the thickness of the teeth 1'16 inches, and pitch 
2 "4 inches. 

And the same strength of teeth will do for any wheel 
where the horses' power of the first mover, divided by the 
velocity in feet per second, produces the same quotient. In 
this example it is 10 divided by 3 ; and the same strength 
of teeth will do for 20 divided by 6 ; 30 divided by 9 ; and 
so on. This will be of some advantage in the arrangement 
of collections of patterns. 
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Case. 2. When a machine is to be moved by horses, the 
horses' power should be estimated higher, on accoimt of the 
jerks and irregular action of horses. We shall not estimate 
above the strain which often takes place in horse machines, 
if we rate the horse power at 400 ibs. with a velocity of 
3 feet per second, and make the strength of the teeth 
accordingly. 

But the breadth of the teeth should be made in the same 
proportion as in the preceding case. 

Example. When the horse power is taken at 400 9>s. 
with a velocity of 8 feet per second, the stress on the teeth 
is given for this case in the Table. Thus, in a machine to 
be moved by four horses, the stress on all the wheels of 
which the pitch circles move at the rate of 3 feet per second, 
will be 1600 ibs., and the pitch should be 2 2 inches, and 
thickness of teeth 1 03 inches ; the breadth half the breadth 
in the Table, or 2 inches. 

Then, for any other velocity, as suppose 6 feet per second, 
it will be, as 

6:8:: 1600 : 8^. 

That is, the stress on the teeth from a first mover of four 
horses is 800 lbs. when the velocity is 6 feet per second ; 
and the thickness of teeth by the Table is 0'73 inch, and 
pitch 1*5 inches. 

Case 3. It remains now to show the general rule which 
includes the preceding cases, and appears to me to be a more 
direct and simple mode of proceeding. 

If P be the power of the first mover in pounds, and V 

the velocity of that power in feet per second, the stress on 

the teeth of a wheel of which the velocity of the pitch circle 

is t?, will be 

p V 

= W, the stress on the teeth. 

V 

But we cannot always know the velocity of the pitch 
circle, because it is not in general possible to vary the number 
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of teeth after the pitch is determined, so as to give it the 
velocity we have assigned to it before the pitch was known. 

The calculation may therefore be made with advantage in 
this manner : Let N be the number of revolutions the axis 
is to make per minute, on which the wheel is to be placed : 
and T the radius the wheel should have if the pitch were two 
inches, then 2-1 <? n r _ d y r 

*"^190»x24'^ 21816' 

Consequently, p_v ^ 2i8-i6 p v _ 

Hence 

21816 P V 



^ = d-; or (— 3^^)* = d. 



1(»00 

The equation affords this rule. 

^tde. Multiply 0146 times the power of the first mover 
in pounds by its velocity in feet per second, and divide the 
product by the number of revolutions the wheel is proposed 
to make per minute, and by the radius the wheel should 
have in inches if its pitch were two inches ; the cube root of 
the quotient will be the thickness of the teeth in inches. 

Example 1. Suppose the effective force acting at the 
circumference of a water-wheel to be 300 ibs. and its velo- 
city 10 feet per second,* it is proposed to find the thickness 
for the teeth of a wheel which is to make twelve revolutions 
per minute, and have thirty teeth. 

Here, q.14^ ^ 300 x 10 = 488. 

And since the radius of a wheel with thirty teeth and a pitch 
of 2 inches is 9*667 inches ;t we have 

438 



12 X 9-567 



= 8-816. 



* The manner of estimating the effective force, and determining the best Telocity 
for water>wheelB, is shown in the Additions to Buchanan's Essays on Mill-work, toI. iL 
p. 612-526, second edition ; or p. 826-888, in the edit, by Mr. Bennie, 1842. On the 
sabject of water>wheels the reader may consult Mr. Bonnie's Preface, p. 22, for a 
notice of the labours of Poncelet, Morin, &a, and the valuable experiments of the 
Franklin Institute. 

t This is easily ascertained by Bonkin's Table of the radii of wheels. See 
Buchanan's Essays, voL L p. 206, second edition; or p. 114, Ronnie's edition. 
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The cube root of 3*815 is very nearly 1-563, the thickness of 
the teeth required in inches. 

Ewample 2. Let the effective force. of the piston of a 
steam engine be 6875 ibs. and its velocity 3^ feet per 
second; it is required to determine the strength for the 
teeth of a wheel to be driven by this engine, which is to 
have 152 teeth, and make 17 revolutions per minute. 

In this case the radius for 152 teeth with a 2-inch pitch 
is 48*387 inches ; therefore, 

0146 X 6876 X 8-6 . , ^ 
17-6 X 48»387 ^•^^• 

And the cube root of 4*15 is very nearly 1*6 inches, the 
thickness of the teeth required. 

By referring to the Table it will be found that teeth of this 
thickness should have a breadth of about 9 inches. 

These rules will be foimd to give proportions extremely 
near to those adopted by Boulton and Watt, of Soho; 
Rothwell, Hick, and RothweU, of Bolton, in Lancashire ; 
and other esteemed manufacturers ; which is one of the most 
gratifying proofs of the confidence that may be placed in 
the principles of calculation I have followed. The diffe- 
rence is chiefly in the greater breadths I have assigned for 
the greater strains, and which being a consequence of the 
principle adopted for proportioning these breadths, I cannot 
agree to change till it can be shown that the principle is 
erroneous. 

160. Case 5. When the pressure upon a beam increases 
as the distance from one of its points of support. Since the 
point of greatest strain is at ^ ^ / from the point A, where 
the strain begins at (see fig. 20), we have by art. 140 and 
110, 

W I _ fbd^ 
7-76 ~ 6 ' 

or when / is in feet, and 

/ = 15300 fc8. ; ^ = 6 (P; 
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a result which differs so little from Case 8, that the same 
rule may serve for both eases. 

161. Frop. II. To determine a rule for the diagonal of 
a uniform square beam to support a given strain in the 
direction of that diagonal ; when the strain does not exceed 
the elastic force of cast iron. 

162. C(t8e 1. When a beam is supported at the ends 
and loaded in the middle, 

WZ /a5 

art. 137 and 112 ; or when / is in feet, and 

163. Bide. Multiply the length in feet by the weight in 
pounds, and divide the product by 212; the cube root of 
the quotient is the diagonal of the beam in inches. 

164. Case 2. When a beam is supported at the ends, 
and the strain is not in. the middle of the length, 

w X FB X rs /a» 

I ~ 24' 

art. 112 and 136 ; or when/ = 15,300 lbs. and the length 
and distances F B, F B from the ends are in feet, 

(W X FB X F'B\i 
— 531 — ;*=^- 

165. Bide. Multiply the weight in pounds by the dis- 
tance F B in feet, and multiply this product by the distance 
from the other end, or FB in feet (see fig. 19). Divide the 
last product by 53 times the length, and the cube root of 
the quotient will be the diagonal of the beam in inches. 

I limit the rules to these cases only, because a beam is 
seldom placed in the position described in this proposition. 
Examples are omitted for the same reason. 

166. Ffop. III. To determine a rule to find the diameter 
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of a solid cylinder, to support a given strain, when the strain 
does not exceed the elastic force of cast iron. 

If the diameter be not uniform, the diameter determined 
by the rule will be that at the point of greatest strain, and 
the diameter at any other point should never be less than 
corresponds to the form of equal strength. 

167. Ca8e 1. When a solid cylinder is supported at the 
ends, and the weight acts at the middle of the length, 

"r= — 8 ' 

art. 113 and 137 ; or when / is in feet, 

/ — 15300 fts. and d = the diameter in inches. 

we have 

V 600 / 

168. Bule. Multiply the weight in pounds by the length 
in feet ; divide this product by 500, and the cube root of 
the quotient will be the diameter in inches.* 

The figure of equal strength for a solid, of which the cross 
section is everywhere circular, is that generated by two cubic 
parabolas, set base to base,t the bases being equal, and 
joining at the section where the strain is the greatest. 

169. Example. Required the diameter of a horizontal 
shaft of cast iron to sustain a pressure of 2000 lbs. in the 
middle of its length; the length being 20 feet? In this 
case we have 

2000 X 20 ^^ 

S3 80 : 

500 ' 

and the cube root of 80 is 4*31 inches nearly, which is the 
diameter required. 

This is supposed to be a case where the flexure is of no 
importance, otherwise the diameter must be determined by 
the rules for flexure. 

* For wrought iron divide by 560 instead of 500. For oak divide by 125 instead 

of 500. 

f Emerson's Mechanics, 4to. edit., prop. Izxiii., cor. 4. 
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170. Ca%e 2. When a cylinder is supported at the ends, 
but the strain is not in the middle of the length. By art. 113 
and 136, 

WxFBxrB -TSS^/d* 
1 8 • 

or when the lengths are in feet, d is the diameter in inches, 
and/=: 15,300, the equation becomes 

/K Wx FB X F'Bxj 
\ 500 I / ^ 

171. Bule. Multiply the rectangle of the segments, into 
which the strained point divides the beam, in feet, by 4 times 
the weight in pounds ; when this product is divided by 600 
times the length in feet, the cube root of the quotient will be 
the diameter of the cylinder in inches. 

The figure of equal strength is the same as in Case 1, 
art. 168. 

172. Bxample. Required the diameter of a shaft of cast 
iron to resist a pressure of 4000 ibs. at 3 feet from the end, 
the whole length of the shaft being 14 feet? In this 
example 

8 X 11 X 4 X *0()0_ 



500 X U 



The cube root of 75*43 is nearly 4*23 inches, the diameter 
required. 

173. Case 3. When a load is uniformly distributed over 
the length of a solid cylinder supported at the ends only. 
By art. 113 and 139, 



~i--7864/di; 



therefore, when / is in feet, d the diameter in inches, and 
/=15,300, wehave 

174. Hide. Multiply the length in feet by the weight in 
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pounds, and i^th of the cube root of the product will be the 
diameter in inches.* 

The figure of equal strength for a uniform load, the 
section being everjrwhere circular, f is that generated by the 
revolution of a curve of which the equation is 

175. Example. A load of 6 tons (or 13,440 lbs.) is to be 
uniformly distributed over the length of a solid cylinder of 
cast iron, of which the length is 12 feet ; required its diameter, 
so that the load shall not exceed its elastic force P 

In this case 

12 X 1S440 » 161280 ; 

and the cube root of 161,280 is 6444, and ^th of this is 
5*444 inches, the diameter required. 

176. Case 4. When a cylinder is fixed at one end, and 
the load applied at the other; also, when a cylinder is 
supported on a centre of motion. By art. 113, 

WZ«-7854/f»; 

therefore, when d is the diameter, / is in feet, and f-jL 
15,300 ibs., we have 

The figure of equal strength is the same as in Case 1, 
art. 168. 

177. Rde. Multiply the leverage the weight acts with, 
in feet, by the weight in pounds ; the fifth part of the cube 
root of this product will be the diameter required in inches. 

The most important application of this case is to determine 
the proportions for gudgeons and axles ; and this application 
will be best illustrated by an example. 

The greatest stress upon a gudgeon or axle takes place 
when, from any accident, that stress is thrown upon the 

* For wrought iron divide by 10'88. t Emenon'a Mechanics, prop. Ixxiii., cor. 8. 
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extreme point of its bearing. But besides the greatest 
possible stress we have to provide for wear ; perhaps ^th of 
the diameter may be allowed for this purpose. 

Now taking the length / for the length from the shoulder 
to the extreme point of bearing in inches, we have 

H4«w)*=da-»);orj(^w)4=d. 

Whence we have this practical rule : Multiply the stress in 
pounds by the length in inches, and the cube root of the 
product divided by 9 is the diameter of the gudgeon in 
inches.* 

Example. Let the stress on the gudgeon be 10 tons, or 
22,400 fts., and its length 7 inches. Then 

7 X 22400 » 156800; 

and the cube root of this number is 54 nearly ; and 

-— s£ 6 inches. 
9 

the diameter required. 

But the stress of a gudgeon on its bearings ought to be 
limited, otherwise they will wear away very quickly : let us 
suppose this stress to be confined to a portion of the circum- 
ference, which is equal to f ths of the diameter of the 
gudgeon; and that the pressure is limited to 1500 lbs. upon 
a square inch, which is about as great a pressure as we ought 
to put on the rubbing surfaces when one of them is of gun- 
metal. In this case we shall have 

^_ 4 w w . 

8 X 16000 d'*^^^^ 1125 d ' 

and to allow for a small portion of freedom we make 

w 



z« 



1000 d 



* For wrouQ^t iron dmde by 9*84. For wheel carriages lees than 8-inoh axles tiie 
length may be 5 times the diameter ; then for wrought iron, 

AboTe 8 iiy;he8 it may be 4 times the diameter. 
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If this value of / be introduced in the preceding equatio n 
we have i .vn \ i 

±r!L.y^d; orW=854d»; uidl^SUcL 

According to these principles the following Table has been 
calculated, and I hope it will be useful. 

Table of the Propctiume of Qudgtom and AaAee for differmt degree* of Strew. 



DUmetorof 
(ndgeoDS. 


Length of godseont. 


Stress they nuj 
snstoln. 


Inohaa. 

1 

1 

1* 
2 

8 

4 
5 
6 
7 
8 
9 
10 


inches. 
•48 
•64 
•85 

1-25 

1-7 

2-5 

8-4 

4*8 

51 

5-9 

6-8 

7-7 

8-5 


lbs. 

218 

480 

854 

1,921 

8,416 

7,686 

13,664 

21,850 

80,744 

41,846 

54,656 

69,174 

85,400 



Gudgeons exposed to the action of gritty matter may be 
made larger in diameter about ^th part. 

178. Prop. IV. To determine a rule for the exterior 
diameter of a uniform tube or hollow cylinder * to resist a 
given force where the strain does not exceed the elastic force 
of cast iron. 

179. Case 1. When a tube is supported at the ends, and 
the load acts at the middle of the length. By art. 115 
and 137, w i 

-~*=:-7854/i»(l-N<); 

hence, when d is the diameter in inches, / the length in feet, 
and/= 15,300 ibs., we have 

/ 5^ \i^d. 

\ 500 (1 - N*) / 

180. General Rule. Fix on some proportion between the 
diameters; so that the exterior diameter is to the interior 

* A ooDsiderable acoesaioii of strength and stifiheas is gained by making ahafts 
hollow, which haa been Uluatnted in art 115; but it ia diffloult to get them cast 
aound, therefore ahafta of this kind require to be careftdly proTed. 
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diameter as 1 is to N; the number N will always be a 
decimal, and ought not to exceed 0*8.* 

Then multiply the length in feet by the weight to be 
supported in pounds. Also, multiply 600 by the difference 
between 1 and the fourth power of N, and divide the product 
of the length and the weight by the last product, and the 
cube root of the quotient will be the diameter in inches. 

The interior diameter will be the number N multiplied by 
the exterior diameter, and half the difference of the diameters ^ 
will be the thickness of metal. 

If the proportion between the exterior and interior diameter 
be fixed, so that the thickness of metal may be always ^th of 
the exterior diameter of the tube; then N=:'6; and the 
rule is .^, 

\486J *^ 

And there being no difference between this equation and 
that for a solid cylinder, except the constant divisor, we have 
this rule : 

Particular Rule. When the thickness of metal is to be 
■Jth of the diameter of the tube, let the diameter be calcu- 
lated by the rule for a solid cylinder, art. 168, except that 
435 is to be used as a divisor instead of 500. 

181. Example. Let the weight of a water-wheel, including 
the weight of the water in the buckets, be 44,800 fts., and 
the whole length of the shaft 8 feet ; from which deducting 5 
feet,t the width of the wheel, leaves 3 feet for the length of 
bearing ; required the diameter of a hollow shaft for it ? 

* In a large shaft there should be a tolerable bulk of metal to secnre a perfect 
casting. Mr. Bnohanan, in his " Kssay on the Shafts of Mills," vol L, p. 805, second 
edition (or page 202-8 in the edition of 1841), describes a hollow shaft of which the 
exterior diameter was 16 inches, and the interim one 12 inches, therefore 

16:12::! : N = ^ = '75. 

10 

Iliis shaft was for an over-shot water-wheel of 16 feet in diameter. 

t The wheel being so framed that the part of the length of the shaft it occupies 
may be considered perfectly strong. 

k2 
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Making N = '7, its fourth power is '2401 ; and 

1 — -240 = '76. 

Therefore, by the general rule we have 

S X 44800 



600 X -76 



354 in the nearest whole numben ; 



and the cube root of 354 is 7 inches, the exterior diameter; 
and 

7 X '7 = 4 '9 inches, the interior diameter. 

By the particular rule the computation is easier, for it is 

8 X 44800 ^^^ 

— 809 : 

436 

and the cube root of 309 is 6*76 inches, the exterior 
diameter ; and the thickness of metal -g^th of this, or If 
inches nearly. 

The particular rule will be found to give a good proportion 
for the thickness of metal for considerable strains; but in 
lighter work, where stiffness is the chief object, recourse 
should be had to the general rule. 

182. Case 2, When a tube is supported at the ends, but 
the strain is not in the middle of the length. When the 
necessary substitutions are made, we have, by art. 115 
and 136 

( ^ W X FB X F B \ J 

V 500 ^ X (1 - N^T"/ ^ ^ 

183. Rule. Multiply the rectangle of the segments into 
which the strained point divides the beam, in feet, by four 
times the weight in pounds ; call this the first product. 

Multiply 500 times the length, in feet, by the difference 
between 1 and the fourth power of ^ (N being the interior 
diameter when the exterior diameter is unity) ; call this the 
second product. 

Divide the first product by the second, and the cube root 
of the quotient will be the exterior diameter of the tube in 
inches. 
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Or, making the thickness of metal ^th of the diameter, 
calculate by the rule art. 171, using 435 instead of 500 as a 
divisor. 

1S4. Example, Let the weight of a wheel and other 
pressure upon a shaft be equal to 36,000 lbs., the distance of 
the point of stress from the bearing at one end being 3 feet, 
and the distance from the other bearing 1*5 feet ; N being "8 \ 
required the exterior and interior diameter of the shaft ? 

The fourth power of '8 is '409, and 

1 _ -409 ^ -591. 

Therefore by the rule 

8 X 1-5 X 4 X 36000 



500 X 4-5 X -591 



= 485; 



and the cube root of 485 is 7*86 inches, the exterior diame- 
ter, and 

7*86 X *8 = 6*8 inehee, the interior diameter. 

Cases 3 and 4 are not likely to occur in the practical 
application of tubes, but they may be supplied by Cases 
3 and 4 for solid cylinders, by dividing the diameter of the 
solid cylinder by the cube root of the difference between 
1 and the fourth power of N ; or when the thickness of 
metal is to be ^-th of the diameter, divide by 435 instead of 
500. 

185. Prop. V. To determine a rule for finding the depth 
of a beam of the form of section shown in fig. 9, Plate I., 
to resist a given force when the strain does not exceed the 
elastic force of cast iron. 

186. Case 1. When the beam is supported at the ends, 
and the load acts in the middle of the length. By art. 116 
and 137, 

WZ /6d» 



6 



(i-gp'); 
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or making / = the length in feet, and/ = 15,300 9>s., 

187. Rule, Assume a breadth a b, fig. 9, that will answer 
the purpose the beam is intended for ; and let this breadth, 
multiplied by some decimal q, be equal to the sum of the 
projecting parts, or, which is the same thing, equal to the 
difference between the breadth of the middle part and the 
whole breadth. 

Also, let p be some decimal which multiplied by the whole 
depth will give the depth of the middle or thinner part ef in 
the figure. 

Multiply the length in feet by the weight in pounds, and 
divide this product by 850 times the breadth multiplied into 
the difference between unity and the cube of p multiplied 
by q ; the square root of the quotient will be the depth in 
inches. 

The figure of equal strength for this case is formed by two 
common parabolas put base to base, as shown by the dotted 
lines in fig. 22 ; for /: d^ a property of the parabola, the 
other being constant quantities. Fig. 22 shows how it may 
be modified to answer in practice. When a figure of equal 
strength is used, the depth determined by the rule is that at 
the point of greatest strain, as C D in the figure. 

188. Example 1. Required the depth of a beam of cast 
iron of the form of section shown in fig. 9, Plate I., to bear a 

* If we make j> ■= *7, and q = '6; then, 

850(1 ~«i)») = 676; 
and the rule is 

(J75 ' 

and the breadth of the middle part = 'ib, and the depth of the middle part * 7 d* 
When the parts are in these proportions/\he strength is to that of the ciroum- 

scribed rectangular section as 1 : 1*26. 
If, with the same proportions, we make the breadth a h always one-fifth of the 

depth h d, fig. 9, the strength will be to that of a square beam of the same depth as 

1 : 6'S ; and the stififaess will be in the same proportion. 
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load of 83,600 fibs, in the middle of the length, the length 
being 20 feet, and the breadth, a 6,S inches P 

Take •625 for the decimal q, and '7 for the decimal j», 
which are proportions that will be found to answer very well 
in practice.* 

Then 

20 x 88600 20 x 83600 



850 X 8 X (1 — -626 X -y*) "* 8 x 667 



= 886*4 nearly; 



and the square root of 335*4 is 18*4 inches, the depth 
required. 

The depth d d bemg 18*4, the depth ^/ will be 

18*4 X *? == 12*88 inches ; also, 

8 X -625 » 1-875, and 

8-l-875=ri26inche8, 

the breadth of the middle part of the section. 

Comparing this with the example, art. 147, it will be 
found that the same weight requires only about f rds of the 
quantity of iron to support it, when the beam is formed in 
this manner. 

Example 2. The same rule applies to determining the size 
of the raUs for an iron railway, where economy with strength 
and durability is of much importance. As the weight has to 
move over the length of the rail, the figure of equal strength 
is that shown in Plate III., fig. 24, only it should be placed 
with the straight side upwards. 

Suppose the weight of a coal waggon to be about 4 tons, 
8960 fibs. ; when the rails are shorter than twice the dis- 
tance between the wheels, the utmost strain on a rail cannot 
exceed half this weight, or 4480 fibs., which will be allowing 
half the strength nearly for accidents. The usual length of 

* Efinoe 

850 (1 — '625 X •7*) = 677 nearly ; 

whenever the same proporfeionB are uaed, the diyisor 677 may be employed instead of 

repeating the oalonlation. 
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one rail is 3 feet,* and supposing the breadth to be 2 inches, 
then, by the manner of calculation shown in the note to 
art. 186, 

W I 4480 X 8 « ^ ^^ 
676 X b 676 x 2 ' 

and the square root of 

9-96 s 8*16 inobeB, 

the depth in the middle of the length. 



* It is worthy of consideration whether this be the most economical length, or not, 
for rails. This may be done as follows : 

The weight of a bar of iron, an inch square and 700 feet long, is 1 ton ; therefore, 
for a length of 700 feet^ the area of the bar in inches multiplied by the price of a ton 

of iron will be the amount of 700 feet of rail. Make — the length of a single rail ; 

then, supposing the ndl all of the same thickness, 

W X 700 , 
'^850x6ar'"^ 

the depth, and when it is reduced at the ends, 

.76yZZl??=thearea: 
850 X 6 a: 

and calling A the price of a ton of iron ; and B the price of fixing, and materials for 
one block ; then the price of 700 feet will be 



.7A5 y^giV „B-:?iA^^»^Bx 

860 6 x ^ X 

Hence by the rules of maxima and minima it appears that the price will be the 
least when the number of supports for 700 feet is 

•82 A VWl\J. 



/ '82 A V\V6 \ 



wherein W Ib half the weight of a waggon and its load in fts. 

The same equation will apply to the new railway invented by Mr. Palmer, when W 
is made the whole weight of the waggon in fts. 

An example will illustrate the application : Let A the price of a ton of iron be £8 ; 
B the price of one support £0*6 ; the weight of a waggon 8960 &8. ; and the breadth 
of the rail 8 inches. Then 

"82 X 8 X y/bQ60 X 3\ | 



/•32 X 8 X Vb9^0 X 3\ i «^ 



that is, there should be 89 supports in 700 feet, in order that the expense may be the 
least possible at these prices, and for these proportions ; which mskes the distance of 
the supports neaily 8 feet. But it should be understood that these prices are only 
what 1 have inserted for illustration ; they are not from actual estimate. 
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Also, 

8-16 X -7 » 2-212 inches, 

the depth of the thin part in the section at the middle of the 
length, and 

2 X -4 » 0*8 inch, 

the thickness of the middle part of the section. 

The depth of a rail, all of the same thickness, would be 
2*83 inches in the middle, calculated by Rule 2, art. 145. 

Example 3. In Palmer's railway a single rail carries the 
waggon ; * and let its weight be 8960 ibs., and the length of 
the rail 8 feet, its breadth 3 inches. By the rule 

W7 8 960 X 8 
6766*676x8 " 

The square root of 35*4 is very nearly 6 inches, the depth 
required \ and the depth of the middle part 

6 X '7 « 4*2 inches. 

The breadth 3 inches, and breadth of middle part 

8 X '4 = 1-2 inches. 

These are the dimensions for the middle of the length ; but 
the under edge should be the figiure of equal strength, 
Plate III., fig. 24, with the straight side upwards. 

189. Case 2. When the beam is supported at the ends, 
but the load not applied in the middle between the supports. 
When /is the length in feet, and/= 15,300 ibs., 

4FB X FB X W 

860Z(l-i^g) ~^^ 

by art. 116 and 136. 

190. Bule, Multiply the rectangle of the segments into 
which the strained point divides the beam, in feet, by 4, and 
divide this product by the length in feet ; use this quotient 
instead of the length of the beam, and proceed by the last 
rule. 

♦ Description of a Railway on a New Principle, by H. R. Palmer, 8vo. London, 
1328. 
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191. Example. Let the load to be supported be 33,600 fcs. 
at 5 feet from one end, the whole length being 20 feet. Also, 
let the breadth of the widest part a 6, fig. 9, be 4 inches. 

Here F B = 5 feet, therefore F B = 16 feet, and 

4 X 5 X 16 ,, 
—20 ^^'' 

the multiplier to be used instead of the whole length in the 
rule. 
Let p = '7, and q = '625 ; then 

15 X 88600 15 X 88600 ,^^ 
850 X 4 X (1 - -626 X -T*)" 4 x 677 ~ ^ ^^^^' 

of which the square root is 13*5 inches^ the depth required. 
The depths/ will be 

•7 X 18-5 » 9*45 incliM, 

and the breadth of the middle part of the section will be 



4-4 X -625 » 4-2-5 » 1-5 inches. 

. 192. Ca8e 3. When the load is uniformly distributed 
over the length of a beam. In this case 

by art. 116 and 139. 

193. Bule. Use half the weight instead of the whole 
weight upon the beam, and proceed by the rule to Case 1, 
art. 187. 

The form of equal strength for this case, when the breadth 
is uniform, is an ellipse, but in practical cases it will require 
to be altered to the form shown in fig. 24. 

194.' I propose to give as an example of this rule, its 
application to the construction of fire-proof buildings ; but it 
also applies to rafters, girders, bressummers, and all cases 
where the load is uniformly distributed over the length. 

A fire-proof floor is usually formed by placing parallel 
beams of cast iron across the area in the shortest direction^ 
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and arching between the beams as shown by fig. 10, Plate I., 
with brick or other suitable material. Or they may be done 
by flat plates of iron resting on the ledges, with one or two 
courses of bricks paved upon the iron plates ; and when the 
distance of the joists is considerable, the iron plates may be 
strengthened by ribs on the upper side as the floor plates of 
iron bridges are made. 

When arches are employed, floors of this kind are least 
expensive when the arches are of considerable span ; but then 
it is necessary to provide against the lateral thrust of the 
arches by tie bars. Also, since the arches ought to be flat, 
we can only extend them to a limited span, otherwise they 
would be too weak to answer the purpose. For instance, 
when an arch is to rise only j^th of the span, and to be half 
a brick (or 4^ inches) thick,* the greatest span that can be 
given to the arch with safety in a floor for ordinary purposes 
is 5 feet. If the arch rise only x^gth of the span, the span 
must be limited to 4 feet ; and if it rise only j^th of the 
span, it must be Umited to 3 feet. 

Again, for arches of one brick (or 9 inches), to bear the 
same load, and the rise i^th of the span, the greatest span 
that can be given with safety is 8 feet ; f when the rise is 
i^th of the span, 7 feet ; and when the rise is only ^^th of 
the span, the greatest span should not exceed 5 feet. 

These limits were calculated from the ordinary strength of 
brick, and on the supposition that the load upon the floor 
will never be greater than 170 ibs. upon a superficial foot, in 
addition to the weight of the floor itself. If the load be 
greater, the span must be less, or the rise greater.} 

For half-brick arches the breadth of the beam c d, fig. 9, 
should be about 2 inches ; and for 9-inch arches, from 2^ to 
3 inches. 

* Had. of oarv. 6*75 feet 
t Rad. of ourv. 15*6 feet. 

% See also Elementary Principles of Carpentry, art. ^49 and 270; edition by Mr. 
Barlow. 
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Example. It is proposed to form a fire-proof room, but 
from its situation it cannot be vaulted in the ordinary way 
on account of the strong abutments required for common 
vaulting, and also common vaulting is objectionable, because 
so much space is lost in a low room. The shortest direction 
across the room is 12 feet, and if iron beams of 3 inches 
breadth be laid across at 6 feet apart, and arched between 
with 9-inch brick arches, it is required to find the depth for 
the beams ? See fig. 10, Plate I. 

The quantity of brickwork resting upon 1 foot in length of 
joist will be 

5 X -76 =s 8'75 cubic feet; 

and the weight of a cubic foot being nearly 100 fcs., the 
weight of the brickwork will be 375 ibs. 

But since the space above is to be used, and the greatest 
probable extraneous weight that will be in the room wiU arise 
from its being filled with people, we may take that weight at 
120 Jbs. per superficial foot, and we have 

5 X 120 = 600 fibs. 

for the weight on 1 foot in length. And supposing the 
paving and iron to be 350 lbs. for each foot in length, the 
whole load on a foot in length will be 

875 + 600 + 850 » 1325 fta. or 
12 X 1825 ^ 15900 fts. 

the whole weight upon one joist. And as half this weight 
multipUed by the length, and divided by the breadth and 
constant number,* is equal to the square of the depth, we 
have 

7950 X 12 



676 X 8 



-4711, 



of which the square root is nearly 7 inches, the depth re- 
quired. And 



7 X '7« 4*9 iochea 
* See note to Rule, art. 186. 



SECT. VII.] 



RESISTANCE TO PRESSUBE. 



141 



the depth of the middle part, and 

8 X -4 « 1-2 

the breadth of the middle part. 

By fixing the breadth, you avoid the risk of calculating for 
a thinner beam than is sufficient to support firmly the 
abutting course of bricks. 

By means of this example we may easily form a small 
Table of the depth of beams for fire-proof floors, which wiU 
be often useful : in so doing, I shall not regard the difierence 
between the weight of a 9-inch and a 4^-inch floor ; because 
the lighter floor wiU be more liable to accidents from percus- 
sion, and therefore should have excess of strength. 

Table of Oatt Iron Joitta for Fire-proof Floon, when the extraneous load i$ not greater 
than 120fti. on a euperfieial foot (tee Floors, Alphabeiieal Table,) 





Half-briok archei» breadth of beams 


Nine-inch arches, breadth of beams 


Length of 
Jobto 


S inches. 




8 inches. 




in feet. 
















8 Ibet epan. 


4 feet span. 


5 feet span. 


9 feet span. 


7 feet span. 


8 feet upasL 




Depth in 


Depth in 


Depth in 


Depth in 


Depth in 


Dopth in 


feet 


inobea. 


inchea. 


inchea. 


inches. 


inches. 


inchea. 


8 


4i 


S.r 


6» 


H 


6} 


6 


10 


6^ 


6 


7 


6 


7i 


74 


12 


61 


r 


8i 


7: 


H 


9 


14 


71 


9 


10 


9; 


10 


104 


16 


9 


1^ 


t^t 


10 


114 


12 


18 


10 


11} 


18 


184 


20 


11: 


• 


13 


14 


13 


l^i 


15 


22 


12; 


1 


!^ 


154 


iJt 


161 


164 


24 


18 


» 


17 


17 


18 





For half-brick arches the breadth a 6, fig. 9, Plate I., is 
to be 2 inches, and the thickness of the middle part n)ths of 
an inch ; the depth e/ being ^t^s of the whole depth; and the 
whole depth is given in inches in the Table for each length 
and span. 

For 9-inch arches the breadth a 6, fig. 9, is to be 3 inches, 
and the breadth of the middle part 1 inch and i^ths. The 
depth Atlis of the whole depth, as in the 4^-inch arches. 

If the floor be for a room of greater span than about 16 
feet, let the beams be put 8 feet apart; and put the beams for 
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8 feet bearing across at right angles to the other, in the 
manner of binding joists, and arch between the shorter beams. 
By casting the shorter beams with flanches at the ends, they 
can be bolted to the other, and a complete firm floor be 
made. This method has also the advantage of rendering it 
extremely easy to fix either a wooden floor or a ceiling. 

The construction of these floors renders a place secure from 
fire without loss of space, and with very little extra expense ; 
it may be of infinite use in the preservation of deeds, libraries, 
and indeed every other species of property. In a public 
museum, devoted to the collection and preservation of the 
scattered fragments of Uterature and art, it is extremely 
desirable that they should be guarded against fire ; otherwise 
they may be involved in one conmion ruin, more dreadful to 
contemplate than their widest dispersion. 

195. Case 4. When a beam is fixed at one end, and the 
load applied at the other. Also, when a beam is supported 
upon a centre of motion. By art. 116, 

or when / is in feet, and/= 15,300 fts., 



212(1 - q^) 



hdP. 



196. Ride 1. Calculate by the rule to Case 1, art. 187, 
using 212 instead of 850 for a divisor. 

Or when the breadth of the middle is made f^ths of 
the extreme breadth, and the depth ^ / in fig. 9 is i^ths of 
the whole depth ; then, calculate by the rules art. 144, 145, 
or 146, using 168 instead of 850 as a divisor. 

The figure of equal strength is a parabola; see figs. 25 
and 26. 

197. Rule 2. If the weight be uniformly distributed over 
the length, take the whole load upon the beam for the weight, 
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and calculate by the rule to Case 1, art. 187, except using 
425 instead of 850 as a divisor. 

198. Prop. VI. To determine a rule for finding the depth 
of a beam when part of the middle is left open, as in figs. 11, 
12, and 27, so that it will resist a given force ; the strain not 
exceeding the elastic force of the material. 

199. When the depth is more than 12 or 14 inches, 
angular parts in the middle become necessary, as in fig. 27 ; 
the disposition of the middle part may in a great measure be 
regulated by fancy, provided it allows of sufficient diagonal 
and cross ties to bind the upper and lower parts together. 
The middle parts should be made of the same size as the 
other, in order that they may not be rendered useless by 
irregular contraction. 

If the beams be required so long as not to be made in a 
single casting, and it is not a good plan to cast in very long 
lengths, then they may be joined in the middle, as in fig. 27. 
The connexion is made at the lower side only ; at the upper 
side let the parts abut against one another, with only some 
contrivance to steady them while they become fixed in their 
places and loaded. Fig. 28 is a plan of the under side, 
showing how the connexion may be made. 

200. Case 1. When the beam is supported at the ends 
and the load acts at the middle of the length. By art. 117 
and 137, 

or making /=the length in feet, and/=lpri5(?0fi)s.; / ^^ 

Now, in general, we may make jp= -7, and then, J/, ^ ■' ^ 

'■1/ '^> 

668 ' 
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or, in practice,* 

7^—0 (P. 

560 
If6=- d, then -^ ^ <^- 

201. Bule. Multiply the length in feet by the weight to 
be supported in pounds; and divide this product by 560 
times the breadth in inches ; the square root of the quotient 
will be the depth required in inches. Consult art. 41 and 43 
respecting the form of beams of this kind. The depth 
between the upper and lower part of the beam will he '7 d 
inch, where d is the depth found by the rule. 

202. Moample. A beam for a 30-feet bearing is intended 
to sustain a load of 6 tons (13,440 lbs.) in the middle, the 
breadth to be 4 inches ; required the depth ? 

By the rule 

80 X 18440 ,,^ 
4 X 660 -^''' 

the square root of 180 is nearly 13*5 inches, the whole 
depth. 
The depth between the upper and lower part is 

7 X 18-5 » 9-45 mohes. 

If the depth be given, suppose 16 inches, and the breadth be 
required, then 

80 X 18440 « «ft XV ,- j.i. . . 1. 

»2'82, the breadth m inches; 



16 X 16 X 560 

when the depth is 16 inches, and the depth between the 
upper and lower parts is 

'7 X 16 » 11*2 inches. 

* If we make p -» 0*6, then 

W I 

-~«eP; and 6 - 0*2 rf, 

loo 

and the depth of the section at A B or C D, fig. 11, Plate II., will be the same as the 
breadth of the beam. And as the equation for a square beam of the same depth ii 

860 ' 

the strength of this beam will be to that of the square beam, of the same depth, 
as 1 : 6'8. 
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203. Case 2. When a beam is supported at the ends, but 
the load is not applied at the middle. 

When / is the length in feet, j0=-7, and /=1 5,300 flJI., 

4BCxCDxW .^ 

m-i -^^' 

(see fig. 12, Plate II. ;) or 

BC X CD X W 



189 I 



b€P, 



204. Jiule. Multiply the rectangle of the segments into 
which the strained point divides the beam, in feet, by the 
weight in pounds, and divide this product by 139 times* the 
length in feet multiplied by the breadth in inches; the 
square root of the quotient will be the depth required in 
inches. 

The depth between the upper and lower side will be 7 x by 
the whole depth. Consult art. 41 and 43 respecting the 
form, &c. of beams of this kind. 

205. Exa7nple. Let C B, fig. 12, be 10 feet, and D C, 6 
feet : and therefore B D the length, 16 feet; and the weight 
to be supported at A, 20,000 lbs., the breadth of the beam 
being 2 inches ; required the depth ? 

By the rule 

10 X 6 X 20000 ^^^ 

= 270 : 

139 X 16 X 2 * 

and the square root of 270 is 16^ inches nearly. 
Also, 

•7 X 16-5 ^ 11-55 incUeB 

= the depth from a to 3 in fig. 12. 

206. Case 3. When a load is distributed uniformly over 
the length of a beam. When the length is in feet, j»= *?, and 
/= 1 5,300 fts.. 



by art. 117 and 139. 



1115=^*^' 



* In practice it will be sufficiently accurate to use 140 for ft dlYisor 
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207. Bule. Multiply the whole weight in pounds by the 
length in feet; divide this product by 1116 times the breadth 
in inckes, and the square root of the quotient will be the depth 
in inches. 

Multiply this depth by '7, which will give the depth 
between the upper and lower parts. Respecting the form of 
the beam, see art. 41. 

208. Example, It is required to support a wall, 20 feet 
in height, and 18 inches in thickness, over an opening 26 feet 
wide, by means of two beams of cast iron, each three inches in 
thickness ; required the depth ? 

Suppose a cubic foot of brick-work to weigh 100 ibs.; 
then 

20 X 1*5 X 26 X 100 » 78000 fts. 

the weight of the wall. 
Therefore by the rule 

78000 X 26 ,,^ 

-iTi«-^--(r*«^^^«*^^y' 

and the square root of 303 is 17^ inches, the depth 
required. 

The depth between the upper and lower parts is 

•7 X 17-5 = 12'26 inches. 

209. Case 4. When a beam is fixed at one end, and the 
load applied at the other. Also, when the load acts at one 
end of a beam supported on a centre of motion. By art. 117 
we have, when the length is in feet, j0=*7, and/=16,300ibs., 

210. Rule. Calculate by the rule to Case 1, art. 201, 
using 140 instead of 660 for a divisor. 

If the weight be uniformly distributed over the length of 
a beam fixed at one end, divide the weight by 2, and proceed 
as above directed. 
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DEFLEXION FROM CROSS STRAINS. 

211. Frop^ VII. To detennine a rule for finding the 
deflexion of a cast iron beam, when the section is rectangular, 
and uniform throughout the length ; the strain being 
15,300 lbs. upon a square inch. 

The same rules will apply to solid and hollow cylinders, to 
beams formed as figs. 9, 11, 12, and 26, when they are 
uniform throughout their length, and the depth used as a 
divisor is the greatest depth. 

212. Case 1. When a beam is supported at the ends, 
and loaded in the middle, as in fig. 1. 

By art. 121, 

-5-T- =* the deflexion, 

when /=half the length ; therefore, 

Zd X DA 



the greatest extension of an inch in length while the elastic 
force remains perfect. According to the experiment described 
in art. 56, the elastic force was perfect when the bar was 
loaded with 300 lbs. ; hence we have 

8<?xDA 8xlx-16 1 ^^^^„ . ^ 

= '00088 inch 



2 ^« 2 X 17* 1204 

=€ the extension of an inch in length, by a force equal to 
1 5,300 ibs. upon a square inch; or generally, cast iron is 
extended 1-^(^4 part of its length by a force equal to 
1 5,300 ibs. upon a square inch. 

If this value of e be substituted in the equation, and / be 
made the whole length in feet, we have 

2 X -00088 X 122 X P 

VT^lTd -^^'^' 

•01092 P _ 
-5 DA; 

L 2 
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hence it appears that the equation 

•02 P ^ . 

may be used without sensible error. 

Consequently, the deflexion of an uniform rectangular beam 
supported at the ends may be determined by the following 
rule: 

213. Ride. Multiply the square of the length in feet by 
•02 ; and this product divided by the depth in inches is equal 
to the deflexion in inches. 

214. Example. Required the deflexion in the middle of 
a beam 20 feet long, and 1 5 inches deep, when strained to 
the extent of its elastic force ? 

By the rule 

•02 X 20« ^„„ . , 
— — — = •683 inch; 

1.0 

therefore a beam loaded as in example (art. 147), will bend 
more than half an inch in the middle. If it be wished to 
reduce it to a quarter of an inch, double the breadth. 

The deflexion of an uniform beam may also be found by 
Table II. art. 6. 

215. Case 2. When a uniform rectangular beam is 
supported at the ends, and the load is equally distributed 
over the length. It has been shown in art. 139, Equation 
viii., that in this case the strain at any point is as the 
rectangle of the segments into which that point divides the 
beam ; and the deflexion for that case is calculated by art, 
126, Equation vii. And by comparing Equation ii. and vii. 

^ _5 ;02P -025 P 
3 "• 6 • • d '' ""d 

Therefore the deflexion D A in the middle of a beam 

T 1 1 J J • -025 P 

uniformly loaded is = "-5^. 

216. Rule. Multiply the square of the length in feet by 
•025 ; and the quotient, from dividing this product by the 
depth in inches, will be the deflexion in the middle in inches. 
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217. Example. Let it be required to determine the 
deflexion that may be expected to take place in the example 
to Case 3, Prop. i. art. 152, where the length is 15 feet and 
the depth 12^ inches? 

By the rule 

15 X 15 X -025 .^ . , 

IS '46 inch. 

12-25 

the deflexion required. 

218. This mode of calculation may often remove ground- 
less alarm, as well as inform us when a structure is dangerous ; 
for if a beam be loaded so as to bend more than is determined 
by the rule which applies to it, the structure may be justly 
deemed insecure. We also, by this mode of calculation, 
have an easy method of trying the goodness of a beam : for 
let it be loaded with any part, as for example \^ of the 
weight it should bear, then the deflexion ought to be \^ of 
the calculated deflexion. When a beam is tried by loading 
it with more than the weight it is intended to bear, it may be 
so strained as to break with the lesser weight, besides the 
difficulty and danger in trying such an experiment. 

219. Case 3. When a beam is fixed upon a centre of 
motion, and the force applied at the other end, the flexure of 
the fixed part being insensible. The cranks of engines are in 
this case. 

The flexure will be the same as in Case 1, art. 212, but 
the length of the beam being only half the length in that 
case, we have 

— T— s D A Uie deflexion. 

220. Case 4. If a uniform rectangular beam be fixed at 
one end, and the force be applied at the other, the deflexion 
of the end where the force is applied will be 

-J- X (1 + r). 

For the deflexion from the extension of the projecting part 
of the beam is --?-, where / is the length of that part in feet ; 
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and if r be equal the ^«°«*h of fi^id part , ^j^^^^ ^^ Equation, iii. 
art. 133, 

—J— X (1 + r) = the deflexion. 

221. Hule, Divide the length of the fixed part of the 
beam by the length of the part which yields to the force, and 
add 1 to the quotient; then multiply the square of the 
length in feet by the quotient so increased, and also by 08 ; 
this product divided by the depth in inches will give the 
deflexion in inches. 

222. Example. Conceive a beam, A B, fig. 26, to be 
uniform, and to be the beam of a pumping engine, the end B 
working the pumps, and the end A where the power acts 
10 feet from the centre of motion, the end B 7 feet from the 
centre of motion, and the strain at B equal to the elastic force 
of the beam ; through how much space will the point A move 
before the beam transmits the whole power to B, the depth of 
the beam being 12 inches P 

In this case, , 



therefore, 



7 
— « '7, and 1 + -7 = 17 ; 



VI X 10 X 10 X -08 . ^, . , 

« 1'33 inches. 



12 

223. Prop. viii. To determine a rule for finding the 
deflexion of a cast iron beam, of uniform breadth, when the 
outline of the depth is a parabola, the strain being equal to 
15,300 lbs. per square inch. 

The same rules will apply to beams of the form of section 
shown in figs. 9 and 11, when the breadth is uniform. 

224. Case 1. When a beam is supported at the ends, and 
the load is applied in the middle. 

The deflexion for this case is calculated in art. 123, 
Equation iv. ; and comparing it with the deflexion of a 
uniform beam we have 

2 4 -02 P -04 P ,. ^ ^ . 
. . _^ . _^ 5, iijg aeflojtton. 
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225. Bule. Multiply the square of the whole length of the 
beam in feet by 04 ; divide the product by the middle depth 
in inches, and the quotient will be the deflexion in inches. 

226. Examjjle. Let the depth of a beam be 18 4 inches, 
and its length 20 feet, which is on the supposition that the 
beam, of which the depth is found by example to Case 1, 
Prop. V. art. 188, is parabolic. By the rule 

20 X 20 K -04 «^ . ^ 

= *87 inch, 

18*4 ' 

the deflexion required. 

If the beam were of uniform depth, the deflexion would be 
only half this quantity, or '435. 

227. Case 2. K a parabolic beam of uniform breadth be 
fixed at one end, and the force be applied at the other^ the 
deflexion of the end where the force is applied will be 

where / is the length of the part the force acts on in feet, and 
r — the quotient arising from dividing the length of the fixed 
part by the length /. 

228. Rule. Divide the length in feet of the fixed part of 
the beam by the length in feet of the part which yields to the 
force, and add 1 to the quotient. Then multiply the square 
of the length in feet by the quotient so increased, and also by 
•16 ; divide this product by the middle depth in inches, and 
the quotient will be the deflexion in inches. 

229. Example, Let A B, fig. 26, be the beam of a steam 
engine, the moving force acting at A, and the resistance at 
B, C being the centre of motion ; when A C = 12 feet, and 
C B = 10, and the depth in the middle 30 inches ; it is 
required to determine the space the point A bends through 
before the full action is exerted on B, the strain being equal 
to the elastic force of the material ? 
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In this case the length of the part C B, which may be 
considered as fixed, is 10 feet, and 

i?=-883, and 1 + -833 = 1-833 ; 
12 

therefore, 

12xl2xl-833x-lg 12 X 22 X -16 , 

the deflexion of the point A. 

Few people are aware of the extent of flexure in the parts 
of engines, and particularly when they are executed in a 
material which has been considered as nearly inflexible. In 
a well contrived machine, the importance of making the parts 
capable of transmitting motion and power with precision 
and regularity must be so obvious, that it appears almost 
incredible how much the laws of resistance have be^n 
neglected. 

230. JProp. IX. To determine a rule for finding the 
deflexion of a cast iron beam of uniform breadth, when the 
depth at the end is only half the depth at the middle, the 
strain being equal to 15,300 ibs. on a square inch. 

231. Case 1. When a beam is supported at the ends, 
and the load is applied in the middle. By art. 127, 
Equation viii., 

— — ^ — sD A the deOexion ; 
a, 

when this is compared with Equation ii. art. 121, we have 

2 , ^^ -02 P -0327 P ^ . ., , - . 
■z- : 1*09 : : —3— : — t — — D A the deflexion. 

232. Rvle. Multiply the square of the length in feet by 
•0327, and the product divided by the depth in the middle in 
inches will give the deflexion in inches. 

233. Ca%e 2. When a beam is fixed at one end, and the 
force is applied at the other. In this case 

•13 p 

—J— (1 + r) = the deflexion. 
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234. Rule. Calculate the deflexion by the rule, art. 228, 
except changing the multiplier to '13 instead of -16. 

235. Projp. X. To determine a rule for finding the 
deflexion of a beam, generated by the revolution of a cubic 
parabola, the strain being equal to 15,300 fibs, on a square 
inch. 

The same rules will apply to any cases where the sections 
are similar figures, and the cube of the depth every where 
proportional to the leverage the force acts with. 

236. Case 1. When a beam is supported at the ends, and 
the load is applied in the middle. 

By art. 124, Equation v., 

r-——- =D A the deflozion ; 
o d 

and comparing this with Equation ii. we have 

2 6 -02 P -036 Z3 ,, J ^ . 
— : T : : — r— : — ; — = tiie deflexion. 

237. Rule. Substitute "036 in the place of '04 in the rule 
to Prop. VIII. art. 225, and then calculate the deflexion by 
that rule. 

239. Case 2. When a beam is fixed at one end, and the 
force acts at the other. 
In this case 

•144 l^ 

; — s=the deflexion. 



239. Ride. In the rule to Prop. viii. art. 228, use '144 
instead of '16 as a multiplier, and calculate the deflexion by 
that rule, so altered. 

240. Prop XI. To determine a rule for finding the 
deflexion of a cast iron beam, of uniform breadth, the depth 
being bounded by an ellipse; the strain being equal to 
15,300 9)s on a square inch. 

K the Equations ii. and vi. be compared, it will be found 
that 

Tj : "857 : :--t— : — t — =the deflexion. 
o ad 
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241. Rule. The deflexion may be calculated by the rule to 
Prop. VIII. art. 225, if the multiplier '0257 be employed 
instead of •04. 

242. Prop. XII. To determine a rule for the deflexion of 
a beam of uniform depth, when the breadth is bounded by a 
triangle, the strain upon a square inch being 15,300 lbs. 

From Equations ii. and iii. art. 121 and 122, we have 

2 , -02 1* -08 1^ ,v J n . 
-z'.l :: — T— : — -r- = the deflexiozL 
8 ad 

248. Case 1. When a beam is supported at the ends, 
and loaded in the middle. 

244. Bute. Calculate by the rule to Prop. viii. art. 225, 
using 03 instead of '04 as a multiplier. 

245. Case 2. When a beam is supported at one end, and 
fixed at the other. 

In this case 

— r- =fclie deflexion. 



246. Ride. Calculate the deflexion by the rule to Prop, 
viii. art. 228, using "12 as a multiplier instead of "16. 

247. The rules derived firom the twelve preceding pro- 
positions are applicable to any kind of material. For example, 
let it be required to adapt any one of the rules for oak : in 
the Alphabetical Table at the end of this Essay, art. Oak, it 
appears that oak is 025 as strong as cast iron ; therefore, in 
a rule for strength, multiply the constant number by 0-25. 
Thus in the rules to Prop. i. Case 1, 

850 X 0*25 == 212-5, 

the number to be used in these rules when the material is oak. 
Again, oak is 2*8 times as extensible as cast iron ; conse- 
quently the deflexion being found for cast iron, 2*8 times that 
deflexion will be the deflexion of oak, when it is strained to 
the extent of its elastic power. 



SECTION VIII. 

OF LATERAL STIFFNESS. 



248. Definitions. The stiffness of a body is its resistance 
at a given deflexion. And the lateral stiffness is the stiffness 
to resist cross pressure. 

249. Prop. XIII. To determine the stiffness of a uniform 
bar or beam, of which the section is a rectangle, when fixed at 
one endy to resist a weight at the other ; or supported in the 
middle on a centre to support a stress at each end. 

When a beam is strained to the extent of its elastic force, 
we have the weight it will bear, or 



w = 



6f 



(by art. 110,) and the deflexion under that strain wiU be 

(by art. 121 and 133, Equation iii.) Then, since the de- 
flexion is proportional to the strain, if a be the given de- 
flexion, and w the weight which produces it, we have 

and because -^^ =w, (art. 105,) we have 

a m ' (i.) 

If the length be in feet, then 

6912wL»(l + »') - frrf» 

am ' (il) 
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Now in cast iron w=18,400,000Hbs. ; therefore 

2662 a (ill.) 

• 

Where L=the length in feet, a the deflexion in inches, d and 
d the breadth and depth in inches, and w the weight in 
pounds I and r=the length of the fixed part divided by L. 
When r=l, the lengths are equal, and (l+r)=2. 

250. If the fixed part be of considerable bulk in respect 
to the other, we may neglect its effect on the deflexion, and in 
that case 

2662 a (iv.) 

If in any of the preceding equations the breadth be 
diminished while the depth is uniform, the flexure will be 
ing^eased ; and when the outline of the breadths becomes a 
triangle, this increase is half the deflexion of a beam of 
uniform breath ; or the deflexions with the same strain are, 
as 2 : 3 (art. 122). 

If the breadth be everywhere the same, but the beam be 
made the paraboUc one of equal strength, then the deflexion 
wiR be twice as great as that of a beam of uniform depth 
(art. 123), and the general Equation iii. becomes 

1331 a (v.) 

If the breadth be everywhere the same, but the outlines 
of the depth be straight lines, and the depth at either of the 
extremities half the depth at the point of greatest strain, 
then the deflexion is to that of a beam of uniform depth as 
1*635 : 1 (art. 127) ; and Equation iii. becomes 

1628 a (tl) 

I shall illustrate this proposition by examples of its appli- 
cation to beams of pumping engines, cranks, and wheels. 
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BEAMS FOR PUMPING ENGINES. 

251. Example. Let it be required to determine the 
breadth and depth of a beam for a pumping engine, its 
whole length being 24 feet, and the parts on each side of 
the centre of motion equal ; and the straining force 30,000fts., 
the. deflexion not to exceed 02 5 inch. 

First, on the supposition that the beam is to be uniform, 
then, by Equation iii., art. 249, 

t.LMl^r) _ 8Q000xl2»x(l-H) ^ j ^, ^ ^^^^^^^ 
2662 a 2662 x -25 

If the breadth be made 5 inches, the depth should be 31*5 
inches ; for 

81-5»x 6-156279, 

which very little exceeds 155,790. 

But if the depth at the middle be double the depth at 
either end, use 1628 as a divisor instead of 2662 ; and 
calculating by Equation vi. we find b 6^=254,742, and if 
the breadth be 5 inches, the depth should be 37 inches. 



CRANKS. 

252. Example. If the force acting upon a crank be 
COOOlbs., and its length be 3 feet, to determine its breadth 
and depth so that the deflexion may not exceed n)th of an 
inch. 

To this case, Equation iv., art. 250, applies, and 

WLa 6000x^33^^^3^^^,^ 



2662 a 2662 x 1 



If the breadth be made 3 inches, the depth should be 6 
inches, for the cube of 6 x 3—648. 

When the depth at the end where the force acts is half the 
depth at the axis, use 1G2S instead of 2662 for a divisor. 
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WH££LS« 

253, For wheels, if N be the number of anns, or radii, 
our equation should be 

8662 N a 

254. Example 1. Let the greatest force acting at the 
circumference of a spur-weel be IGOOlbs., the radius of the 
wheel 6 feet, and number of arms 8 ; and let the deflexion 
not exceed j^ of an inch. 

Then by the Equation, art. 253, 

^I-' =_.y_??.>L«!_ = 6 d3 = 163. 
2662 I^ a 2662 x 8 x -1 

If we make the breadth 2*5 inches, then 

J^3.= 66-2=(i5; 
2-5 

and the cube root of65'2=403 inches, nearly, for the depth 
or dimension of each arm, in the direction of the force. 

When the depth at the rim is intended to be half that at 
the axis, use 1628 as a divisor instead of 2662 for a divisor. 

If a wheel be strained till the arms break, the fractures 
take place close to the axis ; there is a sensible strain at the 
part of the arm near the rim, but it is so small in respect to 
that at the axis, that its effect is neglected in our rule. 

Example 2. When the stress on the teeth is lOOOibs. 
Suppose the wheel to be 4 feet radius, with 6 arms ; and 
that a flexure of n)ths of an inch will not sensibly affect the 
action of the wheel- work. Also, let the arms be diminished 
in depth so as to be only half the depth at the rim of the 
wheel ; the breadth being fixed at 2 inches. 

By the Equation, art. 253, we have 

W L3 1090 X 64 



1628 6 a N 2 x 1628 x 6 x -2 



18 nearly = ^^* 
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Bat the cube root of 18 is 2*62 inches ; consequently next 
the axis the arms should be 2 by 2*62, and at the rim 
2 by 1*3 1, in order that the play in applying the power may 
not exceed i^ths of an inch. This rule gives the quantity 
of iron, with the rectangular section, but let it be disposed in 
the form of greatest strength consistent with that required 
for casting. 

Again, let the pinion to be moved by the preceding wheel 
have a radius of 0'75 foot, with four arms, and the breadth 
of the arm 2 inches ; the angular motion produced by the 
flexure being the same as above ; that is, if 

4 : -2 : : ^75 : '0375 = a. 



Then, 



W L» 4 W L2 . _ 

1628 6 a N 1628 6 N x -2 ' ' 

4 X 1090 X -56 ^.94^^,, 



1628 X 2 X 4 X -2 



The cube root of '94 is '98 nearly, for the thickness of 
the arm at the axis. 

255. I think we may in most cases allow a flexure of i-otl^s 
of an inch for a wheel of 4 feet radius for the effect of the 
arms, and other i^ths for the flexure of the shafts. In con- 
sequence, therefore, of such an arrangement, the strength of 
the arms will be expressed by a more simple equation ; as 
well as the strength of the shafts, to be treated in the section 
on Torsion. 

When the flexure is 0*2 for a radius of 4 feet, it is very 
nearly a quarter of a degree ; and with this degree of 
flexure, the arms of equal breadth, and the depth at the rim 
half the depth at the axis, we have 

81 N (vii.) 

Hence we have this practical rule. Multiply the stress at the 
pitch line in S>s. by the square of the radius in feet ; and 
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divide the product by 81 times the breadth multiplied by 
the number of arms ; and the cube root of the quotient will 
be the depth of the arm at the axis, and half this depth will 
be the depth at the rim. 

If the thickness of the rim be made equal to the thickness 
of the teeth, and the breadth be proportioned by the Table, 
art. 158, then the number of arms should be 1^ times the 
radius of the wheel in feet, divided by the square of the 
thickness of the teeth in inches, taken in the nearest whole 
numbers : it is usual to make an even number of arms ; but 
there does not appear to be any reason for adhering to this 
practice. Wheels are often broken in the rim by wedging 
them on to the shaft ; but the practice of fixing the wheels on 
by wedges has now given way to a much superior one, which 
consists in boring the eye truly cylindrical, and the shaft 
being turned to fit the eye, the wheel is retained in its place 
by a slip of iron, fitted into corresponding grooves in the 
shaft and in the eye of the wheel. 

256. Prop, XIV. To determine the stiffness of a uniform 

hary or heam^ supported at the ends, to resist a cross strain in 

the middle. 

If a beam be rectangular and uniform ; then, making a 

the greatest deflexion that it ought to assume, we have by 

Equation ii., art. 121, and art. 137, 



2*^' :a::Ml£^:,o^iLl^'^ 



^^d 'dl e/» 



•"«• 



And as 



m s= i_, (art, 10a :) v? = .* 

m I'A / ••• \ 



* By some error of computation, Professor Leslie xuakes this equation 

8 m & d3 a 



bi^ 



V, 



(Elements of Kat. Phil. vol. i. p. 237;) and, consequently, draws an erroneoas mcn- 
Bure of the modulus of elasticity from the experiments in art. 53 and 66, The 
equation I have arrived at is the same as Dr. Young had previously determined, (sec 
his Nat PbQos. ToL ii. art 326,) 2 e in his equation being ^Iva mine, and 2/ = w. 
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When L == the length in feet, then. 



to = 



452 LS (ix.) 

This equation answers for any material of which the weight 
of the modulus of elasticity is known ; and this will be 
found in the Alphabetical Table at the end of this Work, for 
almost every kind of material in use. Its application to cast 
iron will be sufficient for an example. 

The weight of the modulus for cast iron is 18,400,000ibs., 
and, dividing this number by 432, we have for cast iron 

42600 hd^a 



w = 



L» • (1.) 



257. If « — Jq of an inch, or the deflexion be as many 

fortieths of an inch as there are feet in the length of the 
beam ; then the equation will be 

^ 1065 hd^ , 

which was made 

•001 wL= = 6fP 

to calculate the Table, art. 5. W 

When the deflexion is only as many lOOths of an inch as 
the beam is feet in length, a deflexion which should not be 
greatly exceeded in shafts, on account of the irregular wear 
on their gudgeons and bearings when the flexure is greater, 
then 

426 hd^ _ 

hi (xu.) 

If the load be uniformly distributed over the length of a 
uniform rectangular beam; then from art. 126 and 139, the 
dimensions being all in inches, we have 



24 c^ 8 ^ 5 c ^» 

And since 



in as ^; 10 SB 
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Comparing this equation with Equation viii., it appears 
that a weight uniformly distributed will produce the same 
depression in the middle as f ths of that weight applied in 
the middle, as has been otherwise shown by Dr. Young.* and 
Messrs. Barlow,+ Dupin,t and Doleau.^ 

When V) is the weight of the beam itself; then p being 
the weight of a bar of the same matter 12 inches long^ and 
1 square, 

12 

and the deflexion of a beam by its own weight is 

"" 12 X 32 d V ~ 384 M d«* (xiv.) 

Where M is the height of the modulus of elasticity |t in feet 
(Equation v., art. 105). 

258. In a uniform solid cylinder, the strength is to that 
of a square beam as 1 : 17 nearly (art. 113); therefore, by 
Equation x., art. 256, we have 

W L^ ^ »4 

"25000a" ' (xy.) 

Where L is the length between the supports in feet, d the 
diameter in inches, and a the deflexion in inches produced by 
the weight w in fts. 

If the load be uniformly diffused over the length, and s be 
the load on 1 foot in length in fts. ; then tr = L *, and the 
effect will be the same as if f ths of this load were applied in 
the middle (art. 267); consequently 

L^— !_V«A 

\ 40000 a/ (xvl) 

Therefore, if the load on a foot in length be the sanie, the 

* Nat Phil. vol. ii. art 825 and 829. 

t Treatise on the Strength of Timber, ftc, art 55. % Idem, p. 97. 

% Easai Th^oriqne et Experimental, art 2 et 5. 

II In theory this seems to furnish the most simple mode of obtaining the modulus, 
but it is not so aconrate in pnetice, beoauao it is difficult to ascertain tfao exact 
degree of flexure due to the weight 



SBcr. VIII.] OF LATERAL STIFFNESS. 168 

diameter should be increased in direct proportion to the 
length, so that the flexure may be the same. 

K in Equation xv. we make the flexure proportional to the 
length, and so that it may be j^th of an inch for each foot 
in length. 

Then, 



250 



d^; or 



'' ' ^' a A /.' V 



./lC_!!L\*=«I. " ' v'. . ' '• . 

V \ 260 ; ; ^ ^ (xvIl) 

This equation will apply to uniform solid cylindrical shafts. 

259. In a hollow shaft or cylinder, it will be only neces- 
sary to fix on what aliquot part of the diameter the thickness 
of metal should be, if its diameter were 1. Then, the 
difierence between twice the thickness of metal and 1, will be 
the aliquot parts to be left hollow ; and calling these parts n, 

it will be 

d ^ 

the diameter of a hollow shaft of the same stifiness as the 
solid one of the diameter d. (See Equation xviii., art. 115.) 
And the weight a soUd shaft will sustain multiplied by 
(1 — n*) will be the weight a hollow one of the same diameter 
will sustain. 

Examples. If the thickness of metal be fixed at ^th of 
the diameter, then 



1- 


2 _ 
6 


8 
5 


a= » =-3 


'6, and 


(1- 


- -6^1 


_3 


•966 =ai 


1 



And if the diameter of a sohd cylinder be found by Equation 
XV., xvi., or xvii., as the nature of the subject may require, 
and the diameter so found be multiplied by 1'0352, it will 
give the diameter of a hollow tube that will be of the same 
stiffness, the hollow part being f ths of the whole diameter. 



or 
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In the same manner, if the thickness of metal be ^th of 
the diameter, multiply by 1056. 

And if the thickness of metal be ^ths of the diameter, 
multiply by 107. 

The weight a hollow cylinder will sustain when the thick- 
ness of metal is exactly ^th of the diameter, is 0*87 the 
weight a soKd cylinder of the same external diameter would 
sustain with the same pressure ; for (1 — 7i^) ='87. And its 
stiffness is to that of a square prism of the same depth as 1 
is to 2, nearly. 

260. Example. Required the diameter of a solid cyhn- 
drical shaft, 21 feet in length, that would not be deflected 
more than half an inch by a weight of 31 cwt., or 3472fts., 
applied in the middle. 

By Equation xv., art. 258, 

w L3 3472 X 218 



25000 a 25000 x 5 



:=: eZ^ = 2572, or d = 7*12 inches. 



the diameter required. 

261. Example. Required the diameter of a hollow shaft, 
21 feet in length, the interior diameter f^ths of the exterior 
one, that would not be deflected more than half an inch by 
a load of 3472ibs. applied in the middle of the length? 

Find the diameter of the solid cyKnder, as in the preced- 
ing example, and multiply it by 1*07 (see art. 259). That 
is, 

7-12 X 1-07= 7-62 inclies, 

the diameter required ; the thickness of metal will be ^ths 
of the diameter. 



SECTION IX. 

RESISTANCE TO TORSION. 

262. Definition. The resistance which a shaft or axis 
offers to a force applied to twist it round is called the 
resistance to Torsion. 

263. If a rectangular plate be supported at the comers A 
and B, fig. 29, Plate IV., and a weight be suspended from 
each of the other comers C D, then the strains produced by 
loading it in this manner will be similar to the twisting strain 
which occurs in shafts, and the like. In a cast iron plate the 
fractures would take place in the du'ections A B and C D at 
the same time ; but, before the fracture, the one of the strains 
would serve as a fulcrum for the other ; and the resistance to 
the forces at C and D would be sensibly the same as if the 
plate were supported upon a continued fulcrum in the direc- 
tion A B. 

Hence the strain may be considered a cross strain of the 
same nature as has been investigated in art. 108, and c?D or 
c C the leverage the force at D or C acts with, the breadth of 
the strained section being A B. 

To find the breadth of the section of fracture, and the 
leverage in terms of the length and breadth of the plate, we 
have A B, the breadth, and by similar triangles, 

— -j—R — =D (2 the leverage. ^ 
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These values of the leverage and breadth being substituted in 
the Equation, art. 110, it becomes 

fbcPfcPxk'Bxk'B 



or because 



we have 



^" 61 6xADxBD * 



AB«=BD2 + AD«, 



^ fcP BD2+AD' 



6 ADxBD' 



264. But when a force acts upon a shaft, it is usually at 
the circumference of a wheel upon that shaft, and if R be the 
radius of the wheel, then 

2RW ^ 
BD " 

the force collected at the surface of the shaft ; and therefore, 

substituting this in the place of W, in the Equation above, 

we have 

aRW /d« BD»+Aiy 

BD 6 "^ADxBD* 

„ f<P BDS + AD2 
^^-^=i2R^ AD ' 

If the length A D be ^ feet, and the leverage R be in feet ; 
then for cast iron/ = 15,300 lbs., and we have 

jT"! — w. \i.; 

But this equation has a minimum value when ^ = 12 ' *^^^^" 
fore the resistance will be the same whatever the length may 
be, provided the length be not less than the breadth. Con- 
sequently, whenever the length exceeds the breadth, wc have 

212-4 (P & 

* =W.* (il) 

A 



* In malleable iron the equation will be 

238<2s& 



R 



W; for 212*4 x 1*12:^288. 
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But when 6 is to d in. a l&ss ratio than \/2 : 1 the shaft 
will not bear so great a strain, and it will bear least when its 
section is exactly square. 

265. When a shaft is square, and its length / in feet, its 
side d in inches, and the leverage R in feet, then, from Equa- 
tion, art. 112, we obtain 

And when/= 15,300 ibs., 

_ 8-85 cP ,^ ^^^^ 

W=-j-px(d2 + r2 0- (iii.) 

In a square shaft also the resistance has a minimum value ; 
that is, when \/72l^d; hence, whenever the length is 
greater than the diagonal of the section, the strength will be 

*-^-=W.* (iy.) 

Where R is the radius of the wheel in feet to which the 
power W in pounds is to be applied, and d is the side of the 
shaft or axis in inches. 

266. In a cylindrical shaft the section of fracture is an 
ellipse, and when / and R are in feet, and/= 15,300, d 
being the diameter of the shaft in inches, we have by art. 114, 

267. Here again it may be shown, by the principles of 
maxima and minima, that there is a particular line of fracture 
where the resistance to torsion is a minimum ; in a cylindrical 
body this happens when 12 / — rf; that is, when the length 
is equal to the diameter. 

Consequently, in all cases where the length exceeds the 

* In malleable iron shafte the equation will be 

168 d» -- 
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diameter, the Equation in art. 266 should be applied in the 
form 

124-8 cP 



K 



= W.* (vL) 



As the equation reduces to this form by substituting - for L 

268. In the same manner it may be shown that in a tube 
or hollow cylinder of which the length is greater than the 
diameter, the resistance to torsion is expressed by the 
equation 

124-8 cP(l-n4J 



K 



=W. (vii) 



Where d is the exterior diameter in inches, and n d the 
interior diameter. 

It will be a good proportion in practice to make « = 06 ; 
then the rule becomes 

108 cP ^ 

-R- =W. (viu.) 

Where d is the exterior diameter in inches, and the thickness 
of metal is exactly |^th of the diameter ; R, as before, being 
the radius of the wheel in feet, to the circumference of which 
the power W in ibs. is applied. 

2^9,* Example. Let it be required to find the diameter of 
a shaft for a water-wheel, the radius of the water-wheel 9 
feet, and the greatest force that it will be exposed to at the 
circumference, 2000 ibs. 

If the shaft is to be a solid cylinder, then the diameter will 
be found by Equation vi. art. 267 ; that is, 

W R 2000 X 9 



124-8 124*8 



= 144-2 =<!». 



And the cube root of 1442 is 5J inches, the diameter 
required. 

If the shaft is to be a hollow cylinder, Equation viii. will 
apply, where 

• For malleable iron make 1 40 <2 ^ __ 

-— -.= W. 
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W R 2000 X 9 



108 "" 108 



= 166-7 = d». 



iVnd the cube root of 166*7 is 5^ inches the diameter, when 
the thickness of metal is ^th of this diameter. 

270. But the lateral stress on a shaft will always be greater 
than the twisting force, when the length of the shaft exceeds 
:|;th of the radius of the wheel ; yet the preceding equations 
will often be of use in calculating the strength of journals,* 
and these calculations should be made by Equation vi. in the 
same manner as in the example in the preceding article ; only 
as an aUowance for wear the diameter should be ^th greater 
than is given by the rules. 

271. The preceding investigation has been confined to the 
strength to resist twisting, but in shafts of great length in 
respect to their diameters, the effect of flexure is considerable. 

Let c be the extension the material will bear without 
injury when the length is unity. This extension must 
obviously limit the movement of torsion, or the angle of 
torsion. But, since the line of greatest strain, in a bar of 
greater length than its diameter, is always in the direction of 
the diagonal of a square ; if a square were drawn on the 
surface of the bar in its natural state, it would become a 
rhombus by the action of the straining force, and the quantity 
of angular motion would be nearly V2 times the extension of 
the diagonal ; or twice the extension of the length of the bar. 
For if a line were wound round the bar at an angle of 45° 
with the axis, its length would be / \/2 ; I being the length 
of the bar in feet. Therefore, / e \/2 = the extension, and 
2 / € the arc described in feet, or 24 / « = the arc in inches. 

But if a be the number of degrees in an arc, and ^ its radius ; 

•0174533 being the length of an arc of one degree when its 
radius is unity ; we have 



* A joarnal is different from a gudgeon only in being exposed to a considerable 
twisUog strain. 



170 RESISTANCE TO TOKSION. [8Ecr. ix. 

24 i[e:=^x 0174538; or 

2750/. ,. , 

— j-=«. (u.) 

That is, the angle of torsion a is a9 the length and exten- 
sibility of the body directly, and inversely as the diameter. 

If the value of c be taken for cast iron, that is,=i204» ^® 
have 

2-284 1 ^ /^ V 
-— = «.• (x.) 

d 

Here / is the length of the shaft or other body in feet ; d its 
diameter in inches, and a the angle of torsion in degrees of a 
circle. 

Example. Thus, let the vertical shaft of a mill be 30 feet 
in length, and the diameter 10 inches; then, when it is 
strained to the extent of its elastic force, 

2;??* 1?? « 6} degrees nearly. 

In certain cases this degree of twisting may be of considerable 
advantage in preventing the shocks incidental to machines 
moved by wind, horses, or other irregular powers; but in 
other cases it will be a disadvantage, because the motion will 
neither be so accurate, nor so certain to produce the desired 
effect. 

272. Since the angle of torsion is as the extension, it will 
be as the straining force ; and to estimate the stiffness of a 
body to resist torsion, we have this analogy when the body 
is a hollow cylinder; from Equation vii. and ix, of this 
section, 

2760 i e . ^ . . 124-8 <i3 (i^^^) _ 124-8 d^a(i-^^) 
d R :i750Aic 

Or more generally, 

• In malleable iron, c = r^rr ; therefore^ — ^ — = a. 
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/d<a(I — H^) ^^ 
886600 R ; e 

And if w be the weight of the modulus of elasticity (art, 105,) 

836600 IR 

When ^=»o the equation applies to a solid cylinder. 

When a shaft is rectangular, the analogy from Equation ii. 
and ix. becomes 

2750l«.^.. 212'4tPh,^ 212-4 (P6* a. ^^ 
b R 2750 R I c 

^^^'" =W, (xil) 

198900 R« 

We have now to show the application of these equations, and 
to form practical rules from them. The value of m for cast 
iron is, 18,400,000 lbs.; consequently Equation xi. applied 
to cast iron is 

65d^a(l-n^)^^, ^^^ 

I R 



And equation xii. gives 

92-5 cP 6« a 



;r 



=W.t (xiT.) 



PRACTICAL RULES AND EXAMPLES FOR THE STIFFNESS OF 
CYLINDRICAL SHAFTS TO RESIST TORSION. 

273. In practical cases there will be known the length of 
the shaft, the power, and the leverage the power acts with ; 
and there must be fixed, by the person who applies the rule, 
the number of degrees of torsion that will not affect the action 
of the machine ; this being settled, the diameter of the shaft 
will be determined by the rule. 

* In nuUlaable Iron, 

74d<a(l-n^ _^ 
R ^' 



t In malleable iron, 



= W. 
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Rule 1 . To determine the diameter of a solid cylinder to 
resist torsion, with a given flexure. 

Multiply the power in pounds by the length of the shaft in 
feet, and by the leverage in feet. Divide this product by 
55 times the number of degrees in the angle of torsion, which 
is considered best for the action of the machine; and the 
fourth root of the quotient will be the diameter of the shaft. 

Example. Let it be required to find the diameter for a series 
of lying shafts 30 feet in length to transmit a power equal to 
4000 ibs. acting at the circumference of a wheel of 2 feet 
radius, so that the twist of the shafts on the application of the 
power may not exceed one degree ? 

Here the whole length must be taken as if it were one 
shaft, and by the rule, 

4000 X 30 x^ _43(j4 

and by a Table of powers,* the fourth root is found to be 
8'13 inches, the diameter required. 

If the machinery be required to act with much precision, 
this will be as much flexure as can be allowed; but in 
ordinary cases two degrees might be admitted, and then a 
little less than 7 inches would be the diameter. 

Where there is much wheel-work, the flexures should be 
less ; indeed it does not appear to be desirable to exceed a 
quarter of a degree for the shafts or axes. 

274. Rule 2. To determine the diameter of a hollow 
cylinder to resist torsion, when the thickness of metal is ^th 
of the diameter, and the flexure given. 

Multiply the power in pounds by the length of the shaft in 
feet, and by the leverage the power acts with in feet. Divide 
the product by 48 times the angle of flexure in degrees^ the 
fourth root of the quotient will be the diameter required in 
inches. 

* See Barlow*s Mathematical Tables, Table III. 
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Example. Let the diameter of a hollow shaft be deter- 
mined, SO that it may be sufficient to withstand a force of 
800 ibs. acting at the circumference of a wheel of 4 feet radius 
with a flexure of one degree ; the thickness of metal to be ^th 
of the diameter, and the length 10 feet. 

In this case 

800x10x4 



48x1 



= 666-6; 



and the fourth root of 666-6 is 5*1 inches nearly ; which is 
the diameter required. 



PRACTICAL RULE AND EXAMPLE POR THE STIFPNESS OP 
SQUARE SHAFTS TO RESIST TORSION. 

275. Rules for square shafts are appUcations of Equation 
xiv. ; and the same things are known as in the case of cylin- 
drical shafts. 

Bule. To determine the side of a square shaft to resist 
torsion with a given flexure. 

Multiply the power in pounds by the leverage it acts with 
in feet, and also by the length of the shaft in feet. Divide 
this product by 92*5 times the angle of flexure in degrees, 
and the square root of the quotient will be the area of the 
shaft in inches. 

Example. Suppose the length of a shaft is to be 12 feet, 
and it is to be driven by a power of 700 fts. acting on a 
pinion, on the shaft, of 1 foot radius to the pitch line, and 
that a flexure of 1 degree will not affect the machinery. 

By the rule, 

700xlxj2^^Q.g 
92*5 X 1 

The squai'e root of 90*8 is 9 -53, the area of the section in 
inches; and the square root of 9* 53 is 31 inches nearly, for 
the side of the shaft. 

The reader may find further information on the torsion of 
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wires, and the laws of the oscillation of the torsion balance, in 
Dr. Young's Lectures on Nat. Philos. vol. i. pp. 140, 141 ; 
Dr. Brewster's Edinburgh Encyclopsedia, art. Mechanics, 
p. 544 to 549 ; Dr. Brewster's edition of Ferguson's Lectures, 
vol. ii. p. 234 ; or Professor Leslie's Elements of Nat. Philos. 
vol. i. p. 243. 



SECTION X. 

OF THE STRENGTH OF COLUMNS^ PILLARS, OR OTHER SUPPORTS 
COMPRESSED, OR EXTENDED, IN THE DIRECTION OF THEIR 

LENGTH. 

♦ ■ ■ 

276. If the length of a column be considerable with respect 
to its diameter, under a certain force it will bend ; but when 
it becomes too short to bend, its strength is only limited by 
the force which would crush it. Considering, however, that 
it is imprudent to load even a short column beyond its elastic 
force, an inquiry respecting the phenomena of crushing would 
lead to nothing useful. 

Let A A' be a column, fig. 30, supported at A', and sup- 
porting a load at A ; and let this load have produced its full 
effect in straining the column. Let E be the neutral axis, 
B and D the centres of resistance, and A F the direction of 
the straining force. Draw d D parallel to A F, then, by the 
principles of statics, we have 

dD : DA : : W (the weight) : — jg- - 

the compressive force in the direction A D. Also, 

^. *« W. DA W. AF 
DA : AP: : - 



dD • dJ> 



the vertical pressure at D. 
But, by similar triangles, 



BD : BP: : dD : AP = ~^^, 
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therefore 

w. A F^ _ W. BF 

~rfiD~~ BD • (i.) 

277. In a similar manner it may be proved that the strain 
at B is expressed by 



w. B F — B D 

BD ' (ii.) 

Where it is obvious that when BD=BF this strain is 
nothing ; that is, when the direction of the straining force 
passes through the point D, or the neutral axis coincides with 
the surface of the block. It also may be observed, that when 
BF exceeds BD, this strain is expressed by a positive 
quantity, indicating extension; but when BF is less than 
B D it is negative, indicating that it is a resistance to com- 
pression. If B F == ^ B D, then both points are equally 
compressed. 

The force has been supposed to be perpendicular to the 
plane of section for which the strains have been calculated, 
but this is not essential to the investigation ; it is only the 
most usual strain on columns and ties. For instead of the 
force acting in the direction AF, let the force act in the 
direction A G ; and let the angle F A G be denoted by C. 
Then, the investigation being resumed, we shall find Equa- 
tion i. will become 

(B F + A F. BID. C) W. COS. C ^ ^ _. 
- -3-J3- ^ BtreBS at D. ^.^ j 



And, 



(BP + AF. sin. C-BD)W. C08.C ^ 

BD " = "*"*° ** ^' (iv.) 



But when the force acts in an oblique direction, a fiirther stay 
is required to prevent the pillar overturning ; and wherever 
this stay is placed there the greatest strain would be in a 
straight pillar. If it be stayed at D F, then the stay placed 
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there becomes a point of support; and the action of the 
forces on the beam are similar to those akeady considered in 
fig. 14, Plate II. But it was remarked in a note to art. 108, 
that the mode of calculation there given is not correct when 
the beam is not nearly horizontal ; the diflference is owing to 
a change of the position of the neutral axis caused by the 
oblique direction of the force. The position of that axis, and 
the strength of the section, we will now proceed to calculate, 
and to develope the changes produced by altering the direc- 
tion of the straining force. 

278. It may be shown that the resistance of the section, 
on either side of the neutral axis, is equal to the force of a 
square inch multiplied by the area of that section and by the 
distance of the centre of gravity from the neutral axis, and 
divided by the distance of the compressed surface from the 
neutral axis, when B or D is the centre of percussion of the 
section.* 

279. Let X be the distance of the neutral axis from the 
middle of the depth ; y = E G the distance of the direction 
A G of the straining force from the middle of the depth ; 
d = the depth, b = the breadth, and / the resistance of a 
square inch; then the area of the compressed part of the 
section will be (^ c? + w) b, and the extended part of the section 
(i d — x) b. Therefore, iin {^d-rx) and n {^d — ct) be the 
distances of the centres of percussion from the neutral axis, 
and m (^d + .r) and m {^d — .r) the distances of the centres 
of gravity, we shall have 

W. B Q C08. C mfbUd-x)' ^ W. (BG- BD)^co^ C ^ 

BU ^ (irf + u) ~ BD 

mfbad + J-)' 
— . ; , or 

BG X (4(i-a?)2«(Ba-BD) x (Jd + xT-; 



* Emerson^a Mechanics, 4to. edit* Prop, lxxvit. 
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and when the proper substitutions are made, this equation 
reduces to 



a5*(2 — 3«) + 2y«— t«rf« = 0. 



280. In a rectangular section n = |, and consequently we 
find by the preceding equation 



.T = • 



12y 

Also, since in this case «» = -I, we have an equilibrium 
between the compressing force and the resistance to com- 
pression, when 

W. BG. COS. C /6,. , 
BD =Y(i^+^)j 

and substituting for BG, BD, and x their proper values, 
this equation becomes 



(rf + 6 y) coa. C ' (v.) 

But if B F be denoted by a ; and i. ::= A P, whence F G 
will be « 



A F. sin. C I sin. C 
COB. C. 2 COS. C ' 



and therefore, 



I sin. C 



* It is shown that 



I sin. C 1 1 1. n 



hence Uie distance of the neutral axis from the axis of the column is 



X = 



12 (a + i^tan. 0)' 



and these axes must Golncfde when C is an angle of 90°, that i^, when the direction 
of the force is perpendicular to the axis of the column ; but not in any otlier case. 

For when C = 90% the tan. C is unlimited ; and consequently the fraction which 
""epresenta x is incomparably ^mall, or the axes coincide. 
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Consequently, 



\d + 6 y) COB. C d cos. C + 6a. cob. C. + 3/ sin. C ' W 

This equation will enable us to trace the particular con- 
ditions of this important problem. 

In the first place, if the points E and A be in a line 
perpendicular to B G, then a =o, and the equation is 



rf.coB. + SiBin. C ' (▼ii.) 

Secondly, if the force act in a direction parallel to B G, 
then C = 90 degrees; and sin. C = 1, and cos. C = o, and 
Equation vi. becomes 

We have in this case the same equation as in art. 110, for in 
this instance / is double the length taken in that equation. 

Thirdly, if the force act in a direction perpendicular to B G, 
then COS. C=l, and sin. C = (?, and consequently Equation vi. 
becomes 

Fourthly, when ez=«o, or the direction of the force coincides 
with the axis E, then 

fhd:=\r. (X.) 

And, fifthly, if a = half the depth of the block, then 

4. — ^- (xi.) 

The Equations ix., x., and xi., apply to short columns, or 
blocks, of which the length is not more than ten or twelve 
times the least dimension of the section ; and from them are 
derived the following practical rules : 

n2 
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TO FIND THE AREA OF A SHORT RECTANGULAR COLUMN OR 
BLOCK TO RESIST A GIVEN PRESSURE. 

281. Ride. When the force is to be appKed exactly in 
the axis or centre of the section of the block, divide the 
pressure or the weight in pounds by 15,300, and the quotient 
will be the area of the section of the block in inches. But 
since this requires a degree of jprecision in adjusting the 
direction of the force which it is altogether impossible to 
arrive at in practice, and when a force presses a block of 
which ad\& the axis, fig. 31, Plate IV., it is always probable 
that the direction A A' of the force may act upon one edge 
only of the end of the block, and therefore be at a distance 
of half the least thickness from the axis ; which will reduce 
the resistance of the block to ^th, and consequently the area 
should always be made four times as great as is determined 
by this rule. 

When the distance of the direction of the force from the 
axis is determined by the nature of the construction, the 
following is a general rule. 

282. Rule. To the thickness (or least dimension of the 
section) in inches, add six times the distance of the direction 
of the force from the axis in inches, and let this sum be 
multiplied by the weight or pressure in pounds ; divide the 
quotient by 15,300 times the square of the least thickness 
in inches, and the quotient will be the breadth of the block 
in inches. 

This rule is the Equation ix., art. 280, in words at length, 
and it applies to resistance to tension as well as to resistance 
to compression. 

283. The writer of the article ' Bridge,' in the Supple- 
ment to the Encycl. Brit., has shown that when the force 
acts in the direction of the diagonal of the block, as is 
shown in fig. 32, the strain will be twice as great as when 
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the same force acts in the direction of the axis.* Now the 
reader will be satisfied, that, in consequence of settlements, 
or other causes, a column is always liable to be strained in 
this manner ; and therefore will carefully avoid enlarging the 
ends of his columns, under the notion of gaining stability, 
for the effect of the straining force will be still more in- 
creased by such enlargement in the event of a change of 
direction from settlement, as in fig. 83. In my ' Treatise on 
Carpentry,' I have recommended circular abutting joints to 
lessen the effect of a partial change in the position of the 
strained pieces,t an idea which appears to have occurred, in 
the first instance, to Serlio.} 

284. A general solution of the equation expressing the 
stress and strain, when the column is cylindrical, is compli- 
cated, but in one particular case the result is extremely 
simple; that is, when the neutral axis is in one of the 
STufaces of the column. If d be the diameter of the column, 
then '7854 cP = the area, and \d == the distance of the 
centre of gravity, and therefore 

W. B G. COS. C _ -7854 d^2 
BD " 2 ' 

But when the neutral axis is in the surface of the cylinder, 

2 coe. C 

In this case the distance of the direction of the force from 
the axis of the column will be -|th of the diameter, the centre 
of percussion being |- d distant from the neutral axis. 

285. Hence it appears, that when the distance of the 
direction of the force from the axis is \ d, the strength of a 
cylinder is to that of a circumscribed square prism, as seven 

* Napier^s Supp. to Encycl. Brit., art * Bridge/ Prop. I. p. 499. 
t Tredgold's Elementary Prin. Carpentry, Sect. IX. p. 164. 
X Serlio's Architecture, Lib. I. p. 18. Paris, 154 p. 
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times the area of the cylinder, to eight times the area of the 
prism; or nearly as 55 : 8, or as 1 : 146 nearly. 

When the neutral axes are at or near the axes of the 
pieces, the ratio of the strength of the cylinder to that of the 
prism becomes 

8 X -7854 , , , ^ 
; 1, or as 1 : 1*7, 

4 

as has been shown by Dr. T. Young j * consequently in a 
column, when both the resistances to compression and exten- 
sion are brought into action, the ratio varies between 1 : 1'46 
and 1 : 1*7 ; the mean being nearly 1:1-6. 



OP THE STRENGTH OF LONG PILLARS AND COLUMNS. 

286. If a support be compressed in the direction of its 
length, and the deflexion be sufficient to sensibly increase 
the distance of the direction of the force from the axis, in 
the middle of the length of the support, it is evident that 
the strain will be increased; and since the curvature in 
practical cases will be very small, we may suppose it to be an 
arc of a circle. In a circle the square of the length of the 
chord, in a small segment, is sensibly equal to the radius x 8 

times the versed sine ; or -jj = radius. The deflexion will 

be greatest when the neutral axis coincides with the axis, and 
taking this extreme case, we shall have this analogy ; — as the 
alteration of the length of the concave side is to the original 
length, so is the ^ depth to the radius of curvature ; or, 



€ : 1 : : -r- : radius = — - 
2 2c 



Therefore 



5-; = ■— - ; and 8 = -—- = the deflexion in the middle. 



♦ Dr. Young's Lectures on Nat Philoa. vol. ii. art 389, B, 
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287. Let the distance of the direction of the force from 
the axis, when first applied, be denoted by «, as in a pre- 
ceding article (art. 280) ; then, in consequence of the 
flexure, it will be equal to 

a + 



id' 



consequently by Equation ix., we have 

a + oa+ — — 
4 a 

In cast iron /= 15,300fts. and c = y^ (art. 143 and 

212) ; therefore, if / be the length in feet, b, d, and ^ in 
inches, we obtain the following practical formula, for the 
strength of a rectangular prism, viz. 

15S00 b d^ 1 580 ft ^3 __-«,• 

a T oa + ■ 
d 

288. If a ^= 0, or the direction of the force coincides 
with the axis, then the rule becomes 

16800 6 (i' ^ , . , 

d^T'lU^ = ^' ^*^^-> 

It would, however, be improper in practice to calculate 
upon the nice adjustment of the direction of the pressure in 
the direction of the axis, which is supposed in the preceding 
equation ; indeed, there are very few instances where its 
direction may not in all probability be at the distance of half 
the depth from the axis, and in that case a = ^ d, and 



* For malleable iroD, 

17800 h d» 



rf'^ + 6rfa + -le/* 
For oak. 



= W. 



8960 hd* ^ 

= W. 



d^+6da + -Rl* 
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15300 6 d» 



4 d 2 + -18 ^2 



= W.* (XV.) 



289. As an approximate rule for the strength of a cylinder 
to resist compression in the direction of its length, we have 

15300 d« 9562 rf^ ,„ , ., 

r = W. (x?i.) 



1-6 (d*-' + -16 1^) d*+ -IS I 

290. And if the direction of the force be « inches distant 
from the axis, the rule is 

9562 d* .„ .... 

d^ + 6rfa + '181 ^ ' 

If the force act in the direction of one of the surfaces of 
the column, then a ^= \ d, and 

9562 d^ ^. , ... , 

4d«TT8T= = ^'+ <^™-> 

By this rule the Table of columns (Table III. p. 26,) was 
calculated, only the weight is there given in cwts. 

In all the rules from Equation xiii. to xviii. / is the length, 
A A', fig. 31, Plate IV., in feet, d either the diameter or the 
least side in inches, b the greater side in inches, and W the 
weight to be supported in H>s. 

291. Esample 1. Required the weight that could be sup- 
ported, with safety, by a cylindrical column, the length being 



* In malleable iron. 



In oak, 



t In malleable iron, 



In oak, 



17800 hj? _ 
4d« + -16^*'~ 



d« + -5 r 



11125 *«* ^ ry. 

4d«+-16^« 



2470 <i^ =W 
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1 1 feet, and the diameter 5 inches, and supposing it probable 
that the force may act in the direction A A', fig. 31, at the 
distance of half the diameter from the axis ? 

In this example Equation xviii., art. 290, should be used ; 
and therefore 

9562 d* 9562 x 5< .^ ,„ ^„^-. 

4d^ H-- 18 1'^ %— 5-^ ^ -18 X 11^ = '^ = *^'^«^^ 

or a little above 22 tons. 

In this manner may be calculated the strength of story- 
posts for supporting buildings. When they are for houses, 
ample allowance should be made for the weight of crowded 
rooms, and when for warehouses the greatest possible weight 
of goods should be estimated. 

292. E^aviple 2. It is proposed to determine the com- 
pression a curved rib will sustain in the direction of its chord; 
the greatest distance of the axis of the rib from the chord 
line being 6 inches, the size of the rib 3 inches square, and 
the length of the chord line 5 feet. 

By Equation xiii., art. 287, 

_ 15800 h d -' 15300x3* 

Example 3. The piston-rod of a double-acting steam 
engine is another interesting case to which these equations 
will apply ; and the reader will excuse my having recourse 
to algebraic notation in order to make the rule general. 

Let D be the diameter of the steam cylinder in inches, 
and p the greatest pressure of the steam on a circular inch 
of the piston in lbs. Then W = D^jp. 

But it has been shown in a note to art. 290, that in mal- 
leable ifon 

11125^« 

Therefore, 
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-,, 11125 d* 



D=58dV 



Now in an extreme case we can never have the length in 
feet greater than about three times the diameter in inches ; 
substitute this vaUie of /, and we have 

53 " ' 

If the pressure be 8fl>s. on the circular inch, that is, a 

little more than lOibs. on the square inch, it gives -^ ==-• d. 

That is, the piston-rod should never be less than ^-gth of the 
diameter of the cylinder in a double-acting steam engine. 
In practice it is usual to make them x^th, which does not 
appear to be too great an excess of strength to allow for 
wear. 



OF TEE STRENGTH OF BARS AND RODS TO RESIST TENSION. 

293. When the effect of flexure is considered in bars to 
resist tension, it makes an important difference. Instead of 
the strength being diminished by flexure, it either has no 
effect, or has a directly contrary effect. Hence in all works 
executed in metals the tensile force of the materials should be 
employed in preference to any other, except the bulk be con- 
siderable in respect to the length. In wood we cannot employ 
a tensile force to much advjmtage, because it is difBcult to 
form connexions at the extremities of sufficient firmness, but 
in metals this creates no difficulty. 

If a bar or rod be short, its resistance may be computed 
by the rules, art. 281 and 282. 

But when it is long, and the bar is either curved, or the 
force is not in the direction of the axis, then the effect of 
flexure may be considered. 
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The Equation ix., art. 280, will be applicable to all cases 
where the direction of the force is parallel to the extremities 
of the bar, that is, 

J, -^— = W. (XYlll.) 

The flexure is found to be = j^ = *-^, when / is the, 

length in feet, and « = ^^^^. But this flexure is to be 
deducted from the distance from the axis. Hence 

16300 5 d^ 



rf2+6ad--18?« 



= W.* (xU,) 



When the direction of the force is at the distance of half 
the least side from the axis, then a = ^ e/, and 

= W. (xx.) 



4 d-i _ -18 I* 

And when the -direction of the force coincides with the axis, 

16800 6 d = W. (xxl) 

When the bar is a cylinder, its strength is to that of a 
square bar as 1 : 16 nearly (art. 285) ; hence, 

9562 rf^ _ , ..^ 



Or, when the force is in one of the surfaces of the rod, 

9562 d* 



4rf«~-18i» 



= »W. (xxiu.) 



It was desirable to show what constituted the advantage of 
a tensile strain, but I do not intend to adopt these equations 



* In malleable iron, 

17800 6 ds 



d2 + 6aci--16f* 

In oak, 

3960 h d^ 



= W. 



rf« + 6 o rf — -6 /* 



. = W. 
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in practical niles, because they are not so simple and easily 
applied as the rules already given in art. 281 and 282, which 
will only err a small quantity in excess, when proper care has 
been taken to take the greatest possible deviation of the 
straining force from the axis of the piece. 

Example 1 . Required the weight that may be suspended 
by a bar of cast iron of 4 inches by 8 inches ; under the sup- 
position that the direction of the strain will be in one of the 
wide surfaces of the bar? Equation xviii. of this art. 
applies to this case, wherein a is equal 2 inches, or half the 
least dimension of the bar, that being the distance the 
direction of the force is supposed to be from the axis ; and 
therefore 

fhd^ 16300x8x43 ,„„,^^^ 
•J _ = __ - -- -^ -- = 122400 R>s. 
d-ir^ a. 4 + 12 

the weight required. See the rule in words at art. 282. 

When it is considered that a very small degree of inac- 
curacy in fitting the connexion may throw the strain all on 
one side of the bar, the prudence of following this mode of 
calculation will be apparent. 

Example 2. It is proposed to determine the area that 
should be given to the bars of a suspension bridge, if made 
of cast iron, for a span of 370 feet ; the points of suspension 
being 30 feet above the lowest point of the curve ; and the 
greatest load, including the weight of the bridge itself, 
500 tons. 

The load being nearly uniformly distributed, the curve 
assumed by the chains will not sensibly differ from a para- 
bola;* and half the weight will be to the tension at the 
lower point of the curve, as the rise is to ^th of the span ; 
that is, 

^. 370 600 600 X 370 _, ^ 

80 : — : : — : - = 771 tona. 

4 2 8 X 30 



• See Elementary Principles of Carpentry, art. 67. 
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This is equal to 1,727,040 fts., and by the rule art. 281, 
we have 

1727040 
IQQQQ ' =115 square inches 

for the area of the bars, supposing the stress to be directly 
in the axis of each ; and if we double this area it will provide 
for a deviation equal to ^th of the diameter of each bar. 
This will be a sufficient excess of force, considering the great 
chance of its ever being covered with people, which is the 
load I have estimated. Hence the sum of the areas of the 
chains at the lowest point should be 230 square inches. 
The area at any other point of the curve should be to the 
area at the lowest point, as the secant of the angle a 
tangent to the curve makes with a horizontal line, is to 
the radius. In the present case, the sum of the areas at 
the point of suspension should be 242 square inches. Cast 
iron would be greatly superior to wrought iron for chain 
bridges ; it would be more durable, less expensive to obtain 
the same strength, and when made sufficiently strong, its 
weight would prevent excessive vibration by small forces. 
Most of the wrought iron bridges appear to be very sUght 
and temporary structures when examined by the rules I 
have given, which appear to be founded on unquestionable 
principles. 

Example 3. To determine the area of a piston-rod for a 
single-acting engine, the force on the piston being equivalent 
to 11 fts. on a square inch, and allowing for the possibility 
of the direction of the force being at half the diameter of the 
rod from its axis. In this case 11 times the square of the 
diameter of the piston in inches is equal to the stress, and if 
D be the diameter of the steam piston, and c? that of the 
piston-rod, we have for wrought iron, 

o...« n,T>9 3-1416 rf3x 17800 
31416 X 11 D2= :- 
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or very nearly. 



20"^ 



That is, the diameter of the piston-rod should be g-oth of the 
diameter of the steam cylinder, when nothing is allowed for 
wear; or making the allowance which appears to be requisite, 
the diameter should be j^gth of the diameter of the steam 
cylinder. 



SECTION XL 

OF THE STRENGTH OF CAST IRON TO RESIST AN IMPULSIVE 

FORCE.* 



294. The moving force of a body, or of a part of a 
machine, ought to be balanced by the elastic force of the 
parts which propagate the motion ; for if the eflfect of the 
moving force be greater than the elastic force of the parts, 
some of them will ultimately break ; besides, a part of the 
power of the machine will be lost at each stroke. 

And since increasing the mass of matter to be moved 
increases the friction in a machine, it is an advantage to 
employ no more material in its moving parts than is abso- 
lutely necessary for strength ; but, in other parts exposed to 
pressive forces only, it is desirable that the materials should 
always be capable of resisting the strains, with as small a 
degree of flexure as is convenient, because steadiness is, in the 
fixed parts of machines, a most desirable property. 

A beam resists a moving force, as a spring, by yielding 
and opposing the force as it yields, till it finaDy overbalances 
it ; t aiid hence it is, that a brittle or very stiff body breaks, 
because it does not yield sufficiently for destroying the force. 

As the resistance of a beam under different degrees of 

* Dr. Toung has giiren the term resilience to this species of resistance ; and tho 
reader will find some interesting remarks on the importance of studying it, in his 
Lectures on Nat. Phil. vol. i p. 143. 

+ For a machine to produce the greatest effect, the time of bending the hcam 
should be as small as possible. 
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flexure can be calculated, the eflPect of that resistance in the 
destruction of motion may be estimated by the principles of 
dynamics : such inquiries are usually managed by the 
method of fluxions ; but not being satisfied with the manner 
of establishing the principles of that method, though I have 
no doubt of the correctness of results obtained by it, I shall 
briefly deduce the rules of this section by another mode of 
calculation. 

295. If the intensity of a force be variable, so that the 
action upon the body moved at any point be directly as some 
power, n, of the distance from a point B, fig. 23, towards 
which it moves. Then, if the intensity of the force at A be 

equal P, the intensity at any point C will be - v^ ' . For, 

by the definition, 

(AB)-:(OB)-::P:^/. 

Put S to denote the space A B ; and conceive this space S 
to be divided into m equal parts, denoting any one of these 
parts by x; and in consequence of the smallness of these 
parts, if we take the mean between the intensity at the 
beginning, and that at the end of each part, and consider 
each of these means a uniform intensity for the space it was 
calculated for, then these uniform intensities may be repre- 
sented by the following progression : 



2S« 



or, 

-^ j 1" + 2" + 8" + ...w — 1 + -^ f • 

296. It is shown by writers on dynamics, that when the 
intensity of a force is uniform, the square of the quantity of 
force accumulated or destroved is directly as the intensity 



SECT. XL] RESISTANCE TO IMPULSION. 193 

multiplied by the quantity of matter moved, and by the space 
moved through.* Therefore making W =» the quantity of 
matter, and g a constant quantity to reduce the proportion to 
an equation, we find the square of the forces accumulated 
or destroyed, in the space S, may be exhibited by the 
progression 

And from the principles of the method of progressions,! 
the accurate value of the square of the force accumulated or 
destroyed in the space S is 

.7 p w 3 

297. When ;^ = o, or the intensity is uniform, the square 
of the accumulated force is = y P W S. 

298. The force of gravity near the earth's surface is nearly 
uniform, and in this case we know from experiments on fall- 
ing bodies that g = 64^, and P = W the weight of the body ; 
therefore, 64^ W^ S = the square of the accumulated force, 
and 64J may be substituted for g. 

Hence the moving force of a falling body is W V64^ S. 

299. If /^ = J, we have 

?* + 1 2 • 

and as, in the resistance of beams, the intensity at any 
deflexion is directly as the deflexion, the quantity 32^ P W S 
represents the square of the force destroyed in producing a 
deflexion equal to S. That is, when a beam is supported at 
both ends, and S = the deflexion in the middle, in decimal 
parts of a foot, then V 32^ P W S = the force that would be 

* Dr. C. Hutton's Course of Hath. vol. ii. p. 186. 5th edition, 
t See PhiloBophical Magasine, yoL IyH, p. 201. 

o 
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destroyed in producing the flexure S ; where P is the weight 
that would produce the deflexion S.* 

Having considered the effect of the resisting force of the 
material in destroying an impulsive force, we must now con- 
sider the circumstances which take place in the different cases 
occurring in practice. 

300. If the blow be made by a falling body in the direc- 
tion of gravity, and the weight of the falling body be w, and 
its velocity at the time of impact be v, then by the laws of 
collision, in the case of equilibrium, 

vw= V82iPS(W + w). CO 

In which equation the small acceleration that would be 
produced by the action of gravity on the mass W + «?, during 
the flexure of the beam, is neglected. 

301. If the blow were made horizontally by a body of the 
weight w, moving with a velocity v, then the equation is 
correct ; and even in the first case it is accurate enough for 
practical purposes. 

302. If the blow were made by a weight w falling from a 
given height ^, we have, by the laws of gravity (art. 298), 

therefore, 

w VW^= V32iPS(W + w), or 

2ip«* = PS(W + w). (ii.) 

303. When the strain is occasioned by a force of an 
intensity F, and velocity v, such for example as would be 
occasioned by the sudden derangement of a machine in 
motion with the velocity t?, and force F, then 

* The effect of elastic gases in producing or destroying motion is expressed by the 
same equation, when the change of bulk is not so rapid as to cause cold in the one 
ease, or to develope heat in the other. The developement of heat by the sudden 
compression of air materially affects the velocity of sound, and was first applied by 
Laplace to correct the discrepancy between theory and experiments ; a subjeet which 
has been further illustrated by the researches of Poisson, in an article ''Sur la Vitesse 
du Son," Annales de Chimie, tome xxiiL p. 5. 
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Fi;= V82*FS W; or, 
F»»»=x32iPSW. (iii.) 

The last equation is applicable to the beams of steam 
engines, and in general to reciprocating movements in 
machines, such as the connecting rods, cranks, &c. 

If a body be previously in motion in the direction of the 
impulsive force, then the force F v should.be the difference 
between the forces of the impelling and impelled bodies. 

304. A general number of comparison to exhibit the power 
of a body to resist impulse, and which might be termed the 
modulus of resilience, would be extremely convenient in calcu- 
lations of this kind; and when we omit the effect of a 
difference of density, which it is usual to do, we have an easy 
method of forming such a number.* For in any case, if/ be 
the force which produces permanent alteration, and c the 
corresponding extension, 

PS:/€. 

And, since in bars of different materials placed in the same 
circumstances the resistance to impulse may be considered pro- 
portional to the height a body must fall to produce a permanent 
change in the structure of the matter ; and as that height is 
proportional to P S, and consequently to /€, when the effect 
of density is neglected ; we may take / € the measure of the 
power of a body to resist impulsion, that is, the modulus of 
resilience ; and representing this modulus by R, 

/«=R. (iv.) 



* The number might include the effect of density^ if we were to measure the re- 
flDstance to impnlM by the height a body should fall to produce permanent change by 
its own. weight ; for we eaaily derire from Equation ii art. 802, 

a 

when i 18 the specific grayity. This expression might be termed the tpecifie ruUience 
of a body, and if it were denoted by S, we should hato 

In cast iron, 

2 r= 1-762, 

o 2 
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In cast iron, 

/= 15800; and€ = -j^; 
therefore H = 12-7. 

305. These equations flow from the principle that while 
the elasticity is perfect, the deflexion or extension is as the 
force producing it, but it also varies according to the manner 
in which the material is strained. In some cases, of frequent 
occurrence, the application is shown in the examples. 

But it will be useful, before we proceed any further, to 
inquire what velocity cast iron will bear, without permanent 
alteration, in order that we may be aware whether such 
velocity will ever take place in the parts of machines ; for if 
any part of a machine be connected with others that will yield 
to the force, and the material be capable of transmitting the 
motion with greater velocity than the machine moves with, 
it need be formed only for resistance to power or pressure. 

806. It has been shown that \/32iPWS is equal to 
the greatest force an elastic body can generate or destroy 
(art. 299) ; if it were exposed to a greater force, its arrange- 
ment would be permanently altered. Now, if V be the 
greatest velocity the body is capable of transmitting, if com- 
municated to its mass, we have 



V32iFWS==VW,or 



V"w ==^- ^'-^ 

307. It has also been shown, that in cast iron the 
cohesive force/ = 15,300 fts. (art. 143), and the extension, 

and since S = /e (by art. 104), and V^hdf (art. 103), 
and lb dp — W, where jd = 3*2 fts., the weight of a bar of 
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iron 12 inches long and 1 inch square; therefore, when a bar 
is strained in the direction of its length, 



V W ^, \/" Ihdp V 3-2 X 1204 

11 '3 feet per second. 

308. If a uniform bar be supported at the ends, we have 



also. 



P = ?^^^ (art 148) and S = '^ ft. (art. 212) ; 



^_lhdp 
2 ' 



for the mass of the beam would acquire only the same 
momentum as half of it collected in the middle. Consequently, 



/ 32^ PS _ / 32^ X 850 x '- 02 x 2 
V" W'~" V 12^^3 2 



= V=: 



5 "3366 feet per second, nearly. 

I have shown by a comparison of many experiments in art. 
70, that about 33 times the force that produces permanent 
alteration will break a beam; therefore, assuming the de- 
flexion to continue proportional to the force tiU fracture takes 
place, we have 

/ 321 X 8-8 P x 3-3 S „ 

V — w = ^''*'' 



Therefore, a velocity of 

8-3 X 5*3366 - 17*6 feet per second, 

would break a beam ; or a beam would break by falling a 
height of about 5 feet. . 

309. Hence it is clear, that cast iron is capable of sus- 
taining only a very small degree of velocity ; and a correct 
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knowledge of this limit is certainly of the first importance in 
the application of this material in machinery. When a cast 
iron bar is exposed to an impulsive force in the direction of 
its length, the utmost velocity its mass should acquire must 
never exceed 1 1 feet per second ; and when the force acts 
in a direction perpendicular to the length, it should never be 
capable of communicating to the mass of the bar a greater 
velocity than about 5 feet per second ; and if it exceed 1 8 
feet per second, the bar will break. 

If the connecting rod of a steam engine were to move with 
a greater velocity than 5 feet per second, the swag of its own 
weight would produce permanent flexure. 

If a ship with hoUow cast iron masts should strike a rock 
when it moved with a velocity of 12 miles per hour, the 
masts would break ; and even with less velocity, for here we 
neglect the effect of the wind on the masts. 

310. To illustrate the use of the above investigation, or 
rather, to prevent any one from disappointment, in applying 
these rules for the resistance to impulsion, it may be useful 
to consider how they should be applied to the parts of 
machines. In a machine the motion is communicated from 
the impelled to the working point by a certain number of 
parts, and among these parts one at least should be capable 
of resisting the whole energy of the moving power. If there 
be many parts to transmit the power, then two or more of 
them should be capable of resisting the energy of the moving 
power, and they should be distributed so as to divide the 
line of communication into nearly equal parts. If the inter- 
mediate parts be made sufficient to resist the dead power of 
the machine, that is, the power without velocity, they will 
always be strong enough to convey the velocity, if it be less 
than is stated in the preceding article, to other parts, that 
will either forward it to the working point, or resist it entirely 
during a momentary derangement of the action of the machine. 
To make all the parts strong enough for this purpose would 
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often cause a machine to be clumsy, and unfit for any 
practical use. 

311. Let the constant numbers for the strength and 
deflexion in feet be/^. Then, 

Also, let the weight of the beam itself be n times the weight 
of the falling body. These values being substituted in 
Equation i. art. 300, we have 



312. If the like substitutions be made in Equation iii. art. 
303, we obtain 

P V3« (82* P S W) = 82* Z 6 d/« W; 

and if 1 6 dp he the weight of the mass of the beam the force 
acts upon, then 

FV 

"^ : = bd. (vU.) 



l^f'6t^fTp 



PEACTICAL RULES AND EXAMPLES. 

313. Prop. I. To determine a rule for finding the dimen- 
sions of a beam to resist the force of a body in motion. 

It is evident by Equation vi. art. 311, that the error which 
would arise from neglecting to allow for the effect of the 
weight of the beam itself, would always be on the safe side 
in calculating the dimensions of a beam to resist an impulsive 
force ; and since, by such neglect, the rule is reduced to a 
very simple form, instead of a very complicated one, I shall 
apply the equation under the form 



^Hif^ 



^hd. 
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314. Case 1. When the beam is uniform and supported 
at the ends. In this case/= 850 (see art. 143), and h in 

feet = ^ (by art. 212) hence, 

32i/5 = 45-5; or 
46-5 ^^^• 

315. Rvie, Multiply the weight of the falling body in 
pounds by the square of its velocity in feet per second; 
divide this product by 45*5 times the length in feet, and the 
quotient will be the area in inches. 

The depth should be at least sufficient to render the beam 
capable of supporting its own weight, added to the weight of 
the falling body, which may be readily found by Table II. 
art. 6. 

316. If the height of the fall be given instead of the 
velocity of the falling body, then instead of multiplying by 
the square of the velocity, multiply by sixty-four times the 
height of the fall. 

317. Example 1. To determine the area of a cast iron 
beam that would sustain, without injury, the shock of a 
weight of 170 lbs. falling upon its middle with a velocity of 
8 feet per second, the distance between the supports being 
26 feet. By the rule 

170 X 8= 



46-5 X 2(5 



; = 9'2 IncbeB, the area required. 



Hence, if we make the depth 6 inches, the breadth will be 
153 inches, and the beam would sustain a pressure of 
1800 lbs. (see Table 11.) to produce the same effect as the 
fall of 170 lbs. It may also be observed, that half the 
weight of the beam is 400 lbs., making 570fl)s. for the 
pressure the beam would have to sustain after the velocity 
was destroyed, which is not quite ^rd of the weight the 
beam would bear. 

318. Exam'ph 2. If a bridge of 30 feet span were formed 
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on beams of cast iron, of what area should the section of 
these beams be, so that any one of them might be sufficient 
to resist the impulsive force of a waggon wheel falling over a 
stone 3 inches high, the load upon that wheel being 3360ibs. ? 
The height of the fall being "25 foot, the square of the 
velocity acquired by the fall will be 64 x -25 = 16 ; therefore, 

3360 X 16 ^_ _,Q , , 
--— ^ — — = 39-338 inches, 
45-5 X 30 ' 

the area required. 

This area is nearly 40 inches ; suppose it 40, then 40 x 15 x 
3'2 = 1920 ibs. = half the weight of the beam (that is, the 
area in inches multiplied by half the length in feet, multiplied 
by 32 lbs., the weight of a piece of cast iron, 1 foot in 
length, and 1 inch square) ; consequently 1920 -f 3360 = 
5280 fibs., the whole effective pressure on the beam, after the 
velocity is destroyed. If we were to make the beam 20 inches 
deep, and 2 inches in thickness, it may be found by Table II. 
that the deflexion would be '9 of an inch, and it would 
require a pressure of 45,328 lbs. to produce the same effect 
as the fall of the wheel, above eight times the pressure of the 
load and weight. 

319. Case 2. When a beam is supported at the ends, the 
breadth uniform, and the outline of the depths an elUpse. 

This case applies to bridges or beams to withstand an 
impulsive force at any point of the length. By art. 144,/= 
850, and by art. 139, 



5 in feet = -rr- 



therefore the equation 



^" ^hd, 



^Hf^i 



in art 313, becomes 



^^^=5^. 



58*6/ 
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320. Bide. Calculate by the rule, art. 315, with 58*5 as 
a divisor instead of 45* 5. 

321. Case 3, When the breadth and depth of a beam are 
uniform, and the section is as fig. 9, Plate I., and the beam 
supported at the ends. 

In this case/= 850 QL — qp") by art. 186, and 

•02 . 

by art. 212; hence the equation (art. 313), 

tPtg i^w —hd' 

consequently the power of a beam to resist an impulsive force, 
when the quantity of material is the same, is considerably 
increased by giving this form to the section. 

322. Case 4. If a beam of the form of section shown in 
fig. 9, be the elliptical form of equal strength (see fig. 24, 
Plate III.), then 



68-6^(1 -p» 2) 



when the beam is supported at both ends, and the impulsive 
force acts at any point of the length. 

323. Case 5. In an open beam, as fig. 11, Plate II., we 
may consider the beam as bounded by a semi-ellipse, when 
the breadth is uniform, and in this case 



^^ =6d. 



68-6 I (I -p^) 

324. Example. To determine the area of the section of an 
open girder that would sustain the shock of 300 lbs. falling 
from a height of 1 foot, the length between the supports 
being 26 feet, and the depth of the open part ^ of the whole 
depth. 

In this example 

tPw _ 64 X 800 

58-6 I (1 - i>») " 68-6 X 20 (I - -848) * 
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20 inches nearly. This is perhaps as great an impulsive force 
as it is probable a girder for a room will be likely to be 
exposed to; and since this area of section would not be 
sufficient for the greatest pressure, it appears unnecessary to 
calculate the effect of moving force in the construction of 
girders. 

325. Prop. II. To determine a rule for finding the dimen- 
sions of a uniform beam to resist a moving force. 

This proposition applies to the parts of machines ; and as 
there are few people engaged in the construction of powerful 
machines that are not competent to apply an equation, I shall 
in this part give the rules in the foril! of equations only. 

326. Case 1. When a uniform beam is supported at the 
ends, and the moving force acts at the middle of the length. 

By art. 143,/= 850, and by art. 212, 

•02 
8= ^ = -00160 foot; 
12 

and since 3*2 fbs. = the weight of 1 foot in length, and 
1 inch square, we shall have 



i»-¥=16; 



therefore. 



F V F V F V 

(art m)^—-—^--r^r==^^, = hd. 



I ^Z^f^p I -/82i X 860 X -0016 x 1-6 ^^ ^ 

327. Bide. When F is the force in pounds, V its velocity 
in feet per second, / the whole length in feet between the 
supports, b the breadth, and d the depth in inches, then 

F V 

328. Case 2. When a uniform beam rests upon a centre 
of motion, and the moving force acts at one end, and is 
opposed by a greater resistance at the other end. 

By art, 153, 
/- 212, and by art. 220, 8 =-08 (1 + r\ andp - ^; 
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hence, 



FV FV 

bd. 



i V32J7^ S'6l^/l + r 



329. Bule. Make F = the force in pounds, V its velocity in 
feet per second, / = the length in feet between the centre of 
motion and the point where the force acts, and /' = the length 
in feet between the centre of motion and the point of resist- 
ance ; 6 and d being the breadth and depth in inches ; then 



I' P V 

y^r, and — -- : — ^ b d. 



330. If / = r we have 

F V p V 



S-6 I 41 12-2 I 



= bd. 



331. Exam;ple. To determine the area of the section of the 
beam for a steam engine, when it is to be of uniform depth ; 
the length 24 feet, the centre of motion in the middle of the 
length ; the pressure upon the piston 5000 lbs., and its 
greatest velocity 4 feet per second. 

By art. 330, 

F"^ jij 6000x4 ,Q^. , , 

If this beam were made 30 inches deep, the deflexion by 
such a stram would be about x^^^s of an inch, and the 
breadth would be 

-— - = 4'67 inches, 
«J0 

and such a beam would bear a weight of about 12 times the 
pressure on the piston, without destroying its elastic force. 

332. Prop. III. To determine a rule for finding the area 
of the middle section of a parabolic beam to resist a moving 
force when the breadth is uniform. 

^e motion communicated to the arm of a lever is the 
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same as if its whole weight were collected at its centre of gravity; 
and as the length of the arm is to the distance of its centre of 
gravity^ so is the mass to the effect of that mass collected at 
the extremity. Therefore, when the distance of the centre of 
gravity is some part of the length, the effect of the mass of 
the arm will be the same part of the whole of its weight 
when acting at the extremity. 

333. Case 1. When a parabolic beam is supported at both 
ends, and the moving force acts at the middle of the length. 

By art. 143,/= 850, and by art. 224, 

5 :^ -^ = -0033 foot. 

Also, because the area of a parabolic beam is f of one uni- 
formly deep,* and the distance of the centre of gravity from 
the centre of motion is f of the length ; f we have 

o « 2 3 6-4 , ^„ 

Consequently, the equation (art. 312), 

p v F v p V 



I V32f75 p Z V32i X 850 x -OOSSx 1-28 ^ ^ ^^'^ 



«5<i 



334. In beams supported at both ends, and of the. same 
breadth, the power of a parabolic beam to resist a moving force, 
is to that of a uniform beam, as 1 is to 8 nearly ; and the 
parabolic beam requires very little more than f rds of the 
quantity of material. 

335. Rule. When F is the force in pounds, V its velocity 
in feet per second, /the whole length between the supports, 
and b and d the breadth and depth in inches ; then 

FV 



10-8/ 



336. Example. Let the force of a steam engine be applied 
to the middle of its beam, so as to cause it to move an axis 

* Dr. Hatton's Coarse, yoL il p. 126. t Idem, toL ii p. 827. 
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• 

by means of two cranks, placed so as to be impelled by the 
ends of the beam. Let the greatest pressure on the piston 
be 3000 fts., its greatest velocity 8 feet per second, and the 
whole length 12 feet. 
By the rule (art. 335), 

P V 3000 X 8 , , 1,^ . , 

337. Case 2. When a parabolic beam rests upon a centre 
of motion, and a moving force acts at one end, and is opposed 
by a greater resistance at the other. 

By art. 153,/= 212, and by art. 227, 

•16 (1 + r) . 



) = 



12 ' 



also, 



p = 82 X - X - =— = •86388: 



hence, 

PV PV FV 



I V 32^/3p Z V 82^ X 212 X -853 x -16 (I + r) 882 ly/\-\-r 



= hcL 



12 



338. Hule. Make F the force in pounds, and V its 
velocity in feet per second, / = the length in feet, from the 
centre of motion to the point where the force acts, and /' the 
length from the centre of motion to the resisted point ; also, 
make d and d the breadth and depth in inches ; then 

r FV 

— =r, and : —5 d. 

I ' 8-82iVl+r 

339. If / = r, that is, when the centre of motion is in the 
middle of the beam, 

12-5 I 

340. In a steam engine the weight of the connecting 
apparatus, the power applied to the air-pump, and the weight 
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of the catch-pins, should be aflowed for ; and when the engine 
moves machinery, the beam should not be less than is deter- 
mined by this rule. The depth of the beam is usually the 
same as the diameter of the steam piston. 

341. Ewample. If the pressure on the piston of a steam 
engine be 15,000 lbs. the whole length of the beam 24 feet, 
and its velocity 3 feet per second, required the area of the 
beam? 

In this case, 

FV 15000x3 . , ,^^. , 

= ( (2 = 300 incheai 



12-6 I 12*5 X 12 

if the beam be made 48 inches deep, it should be 6^ inches 
in breadth ; and the best method of forming such a beam is 
to make it in two parts, each ^\ in breadth, placed at 12 or 
14 inches apart, and well connected together. This arrange- 
ment causes an engine to work with more steadiness, and the 
parts are less troublesome to move and fix in their places than 
a single mass would be. 

342. Prop. IV. To determine a rule for finding the area 
of the middle section of a beam of uniform breadth, the depth 
at the end being half the depth in the middle, and the middle 
of the depth open, to resist a moving force. 

Let the parts be so arranged that the centre of gravity 
may be considered to be at the middle of the length of the 
arm of the beam, which will be very nearly true in practice, 
and will render the computation somewhat easier. 

343. Case 1. When an open beam is supported at the 
ends, and the force is applied in the middle of the length. 

By art. 200,/= 850 (1 — /'), and by art. 231, 

8 = '.2g! = . 002725; 



also, we have 



3-2 X (1 — ;>') , ^ ,- 



?- 2 



208 RESISTANCE TO IMPULSION* [sect. xr. 

and the Equation (art. 312),, 



PV PV 



^ VW7^> ^ V82J X 86071^**) X -002^26 X 1*6 (1-/) 

PV 

= 6A 



344. Bide. Make F the force in pounds, V its velocity in 
feet per second, / the whole length between the supports in 
feet, y that number which would be produced by dividing 
the depth of the part left out in the middle, by the whole 
depth ; (if this ratio were not fixed, the solution could not be 
effected ;) and d and d the breadth and depth in the middle 
in inches ; then 

PV 



10-92 « V (1 -y*) '^ (1 - p') 



=hd. 



345. lip be made =- •?, which is a convenient propor- 
tion, then 

PV 

346. Case 2. When an open beam is supported on a 
centre of motion, and the moving force acts at one end, and 
the resistance at the other. 

By the same method as above we find 

^__ PV 

10-92 I V (1 -J) S)'x~(r-i>)xa+r) ^^^' 

347. Bule. Make F = the force in pounds, V its velocity 
in feet per second, / the length from the point where the force 
acts to the centre of motion in feet and /' the length from the 
centre of motion to the point of resistance, b and d the 
breadth and depth in inches in the middle of the beam, and 
p the number arising from the division of the depth of the 

part left out in the middle by the whole depth ; then, 7 = r, 

and 
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FV 



10-92 I y/~(T^i^) X (1 — 2i) X (f + r) 

348. If JE? = •?, the equation reduces to 



FV 



4-85 1 y/T+ r 

349. Also, when the centre of motion is in the middle of 
the beam, and^ = -7, we have 

FV 



6S61 



= bd. 



350. Example. As an example to the equation in the last 
article, let us suppose the pressure on the piston of a steam 
engine to be 15,000 fts., its velocity 3 feet per second, and 
the whole length of the beam 24 feet, which is the same as 
the example (art. 341). In this case 



JPV^ __ 15000 X 8 __ J ]. I i; Vs \ K 4 



And, if the depth be made 48 inches, then 



r N I V V, >,^r|' V {\y 



48 "s^ 

inches the breadth, which is to be the same throughout the 
length. The bulk of the metal in the upper and lower part 
of the beam will be found by multiplying the depth by '7 ; 
that is, '7 X 48 = 33-6 ; which, deducted from 48, leaves 
14*4 inches, or 7 '2 inches for each side. 

Fig. 34, Plate IV., shows a sketch for a beam of this kind, 
drawn according to these proportions. 

351. Any of the rules of this, or of the preceding Section, 
may be applied to other materials by substituting the proper 
values of the cohesive force, extensibility, and density ; these 
are given for several kinds in the following Table. 



TABLE OF DATA, &c. 

USEFUL IN VARIOUS CALCULATIONS; 

ARRANGED ALPHABETICALLY. 



Thi data oarrtapond to (hs mean Umperaiure and predawn offkt atmosphere^ dry 
nuUerials ; and the temperature is measured by Fahrenheit s soaU, 

Air. Specific gravity 0-0012 ; weight of a cubic foot 00753 lb., or 527 
grains (Shugkburoh) j 133 cubic feet or 17 cylindric feet of air weigh 

1 lb. ; it expands ^ or -00208 of its bulk at 32° by the addition of 

one degree of heat (Dulonq and Petit). 
Ash. Specific gravity 0'76 ; weight of a cubic foot 47*5 lbs. ; weight of 
a bar 1 foot long and 1 inch square 0*33 fi>. ; will bear without 
permanent alteration, a strain of 3540 fi». upon a sqwu^ inch, and 

an extension of jj^ of its length ; weight of modulus of elasticity 

for a base of an inch square 1,640,000 lbs. ; height of modulus of 
elasticity 4,970,000 feet; modulus of resilience 7*6 ; specific resi- 
lience 10. (Calcidated from Barlow*b Experiments.) 

Compared with cast iron as unity, its strength is 0-23 ; its exten- 
sibility 1'^ ; and its stifiness 0-089. 

Atmosphere. Mean pressiu-e of, at London, 28*89 inches of mercuiy = 
14*18 lbs. upon a square inch. (Royal Society.) The pressure of 
the atmosphere is usually estimated at 30 inches of mercury, which 
is very nearly 141 lbs. upon a square inch, and equivalent to a 
column of water 34 feet high. 

Beech. Specific gravity 0*696 ; weight of a cubic foot 45*3 lbs. ; weight 
of a bar 1 foot long and 1 inch square 0-315 lb. ; will bear without 
permanent alteration on a square inch 2360 lbs., and an extension of 

g^ of its length ; weight of modulus of elasticity^ for a base of 

an inch square 1,345,000 lbs. ; height of modulus of elaatidty 
4,600,000 feet ; modulus of resilience 4*14 ; specific resilience 6. 
(Calculated from Barlow*s Experiments.) 

Compared with cast iron as unity, its strength is 0*15 ; its 
extensibility 21 ; and its stiffness 0-073. 
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Brass, cast Specific gravity 8-37 ; weight of a cubic foot 523 lbs. ; 
weight of a bar 1 foot long and 1 inch square 3*63 lbs. ; expands 

^3305 of its length by one degree of heat (Troughton) ; melts at 

1869° (Danibll) ; cohesive force of a square inch 18,000 lbs. 
(Rennie) ; will bear on a square inch without permanent alteration 

6700 fts., and an extension in length of J333 ; weight of modulus of 

elasticity for a base of an inch square 8,930,000 lbs. ; height of 
modulus of elasticity 2,460,000 feet; modulus of resilience 5; 
specific resilience 0*6 (Tredgold). 

Compared with cast iron as unity, its strength is 0435; its 
extensibility 0*9 ; and its stiffness 0*49. 
Brick. Specific gravity 1-841 ; weight of a cubic foot 115 lbs. ; absorbs 

j^ of its weight of water ; cohesive force of a square inch 275 fi>s. 

(Tredqold); is crushed by a force of 562 lbs. on a square inch 

(Rennie). 
Brick- WORK. Weight of a cubic foot of newly built, 117 5w.; weight 

of a rod of new brick-work 16 tons. 
Bridges. When a bridge is covered with people, it is about equivalent 

to a load of 120 lbs. on a superficial foot ; and this may be esteemed 

the greatest possible extraneous load that can be collected on a 

bridge; while one incapable of supporting this load cannot be 

deemed safe. 
Bronze. See Gun-metal. 
Cast Iron. Specific gravity 7*207 ; weight of a cubic foot 450 lbs. ; a 

bar 1 foot long and 1 inch square weighs 3*2 lbs. nearly ; it expands 

jgj555 of its length by one degree of heat (Roy) ; greatest change 
of length in the shade in this climate ^ ; greatest change of 
length exposed to the sun's rays J270 I melts at 3479** (Danibll), 

and shrinks in cooling from ^ to ^ of its length (Muschet) ; is 

crushed by a force of 93,000 lbs. upon a square inch (Rennie) ; will 
bear without permanent alteration 15,300 lbs.* upon a ^square inch, 

and an extension of .^^ of its length ; weight of modulus of 

elasticity for a base of an inch square 18,400,000 lbs. ; height of 

modulus of elasticity 5,750,000 feet ; modulus of resilience 12-7 ; 

specific resilience 1*76 (Tredgold). 
Chalk. Specific gravity 2*315; weight of a cubic foot 144-7 ft>8.; is 

crushed by a force of 500 fi>s. on a square inch. (Rennie.) 
Clay. Specific gravity 2*0 ; weight of a cubic foot 125 lbs. 

* See note to ait, 143.— Editor. 

f2 
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Coal. Newcastle, Specific gravity 1'269; weight of a cubic foot 
79 '31 Jba. A London chaldron of 36 bu&hels weighs about 28 cwt, 
whence a bushel is 87 5«. (but is usually rated at 84 lbs.) A New- 
castle chaldron, 53 cwt (Smeaton.) 

Copper. Specific gravity 8-75 (Hatchett) ; weight of a cubic foot 
549 lbs. ; weight of a bar 1 foot long and 1 inch square 3 81 lbs. ; 

expands in length by one degree of heat ^^^^ (Smeaton) ; melts at 

2548° (Daniell) ; cohesive force of a square inch, when hammered, 

33,000 ft)s. (Rennie). 
Earth, common. Specific gravity 1*52 to 2*00 j weight of a cubic foot 

from 95 to 125 lbs. 
Elm. Specific gravity 0-544 ; weight of a cubic foot 34 lbs. ; weight of 

a bar 1 foot long and 1 inch square 0*236 5«. ; will bear on a square 

inch without permanent alteration 3240 Bbs., and an extension in 

length of ^ ; weight of modulus of elasticity for a base of an 

inch square 1,340,000 fts. ; height of modulus of elasticity 5,680,000 
feet ; modulus of resilience 7*87 ; specific resilience 14*4. (Calcu- 
lated from Barlow's Experiments.) 

Compared with cast iron as imity, its strength is 0*21 ; its exten- 
sibility 2-9 ; and its stiffness 0*073. 
Fir, red or yelloio. Specific gravity 0*557 ; weight of a cubic foot 
34*8 tt)8. j weight of a bar 1 foot long and 1 inch square 0*242 tt). ; 
will bear on a square inch without permanent alteration 4290 5w., 

= 2 tons nearly, and an extension in length of ^ \ weight of 

modulus of elasticity for a base of an inch square 2,016,000 lbs, ; 
height of modulus of elasticity 8,330,000 feet ; modulus of resi- 
lience 9*13 ; specific resilience 16*4. (Tredgold.) 

Compared with cast iron as unity, its strength is 0*3 ; its exten- 
sibility 2*6 ; and its stifiness 0*1154, = g:^. 

Fir, white. Specific gravity 0*47; weight of a cubic foot 29*3 lbs. ; 
weight of a bar 1 foot long and 1 inch square 0*204 lb. ; will bear 
on a square inch without permanent alteration 3630 lbs., and an 

extension in length of ^ ; weight of modulus of elasticity for a 

base of an inch square 1,830,000 lbs. ; height of modulus of elas- 
ticity 8,970,000 feet ; modulus of resilience 7*2 ; specific resilience 
15*3. (Tredgold.) 

Compared with cast iron as unity, its strength is 0*23 ; its exten- 
sibility 2*4 : and its stifiness 0*1. 
Floors. The weight of a superficial foot of a floor is about 40 lbs. 
when there is a ceiling, counter-floor, and iron girders. When a 
floor is covered with people, the load upon a superficial foot may be 
calculated at 120 lbs. Therefore 120 + 40 =s 160 lbs. on a super- 
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iicial foot is the least stress that ought to be taken in estimating 

the strength for the parts of a floor of a room. 
Force. See Gravity, Horses, <&c. 
Granite, Aberdeen, Specific gravity 2-625 ; weight of a cubic foot 

164 ft)s. ; is crushed by a force of 10,910 lbs. upon a square inch. 

(Rennie.) 
Gravel. Weight of a cubic foot about 120ft)B . 
Gravity, generates a velocity 32-J- feet in a second, in a body falling from 

rest ; space described in the first second 16^ feet 
Gun-metal, cast (copper 8 parts, tin 1). Specific gravity 8*153 ; weight 

of a cubic foot 509 J lbs. ; weight of a bar 1 foot long and 1 inch 

square 3*54 lbs. (Tredgold) ; expands in length by 1° of heat ^^ 
(Smeaton) : will bear on a square inch without permanent altera- 
tion 10,000 lbs., and an extension in length of ^^; weight of 

modulus of elasticity for a base of an inch square 9,873,000 lbs. : 
height of modulus of elasticity 2,790,000 feet ; modulus of resi- 
lience, and specific resilience, not determined. (Tredgold.) 

Compared with cast iron as unity, its strength is 0*65 ; its exten- 
sibility 1*25 ; and its stiffness 0*535. 

Horse, of average power, produces the greatest effect in drawing a load 
when exerting a force of 187 J fi)s. with a velocity of 2 J feet per 
second, working 8 hours in a day.* (Tredgold.) A good horse 
can exert a force of 480 fi>s. for a short time. (Desaguliers.) In 
calculating the strength for hoi*se machinery, the horse's power 
should be considered 400 fi>s. 

Iron, cast. See Cost Iron. 

Iron, malleable. Specific gravity 7*6 (Muschenbrokk) ; weight of a 
cubic foot 475 lbs. ; weight of a bar 1 foot long and 1 inch square 
3*3 lbs. ; ditto, when hammered, 3'4fi»s. ; expands in length by P of 

heat j^j^j^ (Smeaton) ; good English iron will bear on a square inch 

without permanent alteration 17,800 5)s.,t = 8 tons nearly, and an 

extension in length of — ; cohesive force diminished g^ by an 

elevation P of temperature ; weight of modulus of elasticity for a 
base of an inch square 24,920,000 fi)s. ; height of modulus of 
elasticity 7,550,000 feet ; modidus of resilience, and specific resi- 
lience, not determined (Tredgold). 

Compared with cast iron as unity, its strength is 1*12 ; its exten- 
sibility 0*86 : and its stiffness 1*3. 
Larch. Specific gravity 560 ; weight of a cubic foot 35 Btws, ; weight of 

* ThiB is eqtuYalent to raising 8 cnbio feet of water-2^ fset per seeond, or 7^ onbio feet 
1 foot per second. See Bachanan^s Bssays, 3rd edition, by Mr. Bennie, page 88. 
t Bqnivalent to a height of 5000 feet of the same matter. 
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a bar 1 foot long and 1 inch square 0-243 lb. ; will bear on a square 
inch without permanent alteration 2065 lbs., and an extension in 

length of 555 ; weight of modulus of elasticity for a baae of an inch 
square 10,074,000 5w. ; height of modulus of elasticity 4,415,000 
feet; modulus of resilience 4; specific resilience 7*1. (Calculated 
from Bablow's experimenta) 

Compared with cast iron as unity, its strength is 0*136 ; its 

• extensibility 2 '3 ; and its stifihess 0*058.* 

Lead, cast. Specific gravity 11-353 (Brisson) ; weight of a cubic foot 
709*5 &>s. ; weight of a bar 1 foot long and 1 inch square 4*94 fi^s. ; 

expands in length by 1** of heat -^^^ (Smeaton) ; melts at 612® 
(Crichton) ; will bear on a square inch without permanent altera- 
tion 1500 &>B., and an extension in length of ^ ; weight of modulus 

of elasticity for a base of an inch square 720,000 lbs. ; height of 
modulus of elasticity 146,000 feet; modulus of resilience 3*12; 
specific resilience 0*27 (Trkdgold). 

Compared with cast iron as unity, its strength is 0*096 ; its 

extensibility 2*5 ; and its stifihess 0*0385. 

Mahogany, Honduras. Specific gravity 0*56 ; weight of a cubic foot 

35 fbB. ; weight of a bar 1 foot long and 1 inch square 0*243 lb. ; 

will bear on a square inch without permanent alteration 3800 lbs., 

and an extension in length of ^ ; weight of modulus of elasticity 

for a base of an inch square 1,596,000 Sbs. ; height of modulus of 
elasticity 6,570,000 feet; modidus of resilience 9*047; specific 
resilience 161. (Tredgold.) 

Compared with cast iron as unity, its strength is 0*24 ; its exten- 
sibility 2*9 ; and its stiffness 0*487. 

Man. a man of average power produces the greatest effect when 
exerting a force of 31^ Sbs. with a velocity of 2 feet per second, for 
10 hours in a day.t (Tredgold.) A strong man will raise and 
carry from 250 to 300 lbs. (Desagulibrs.) 

Marble, white. Specific gravity 2*706 ; weight of a cubic foot 169 fts. ; 
weight of a bar 1 foot long and 1 inch square 11? S)6. ; cohesive 

force of a square inch 1811 lbs. ; extensibility j^ of its length ; 

weight of modulus of elasticity for a base of an inch square 
2,520,000 ft)s. ; height of modulus of elasticity 2,150,000 feet; 

* The mean of my tmls on Bpecimens of veiy different qualities i>lace8 the strength 
and stiffness of Larch mneh higher on the scale of comparison ; bnt I had not obserred the 
point where it loses elastic power. 

f This is equivalent to half a onbie foot of water raised 2 feet per second ; or 1 cnhic 
foot of water 1 foot per second* See Bnchanan's Essays, p. 92, edited by Mr. Rennie. ' 
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modulus of resilieuce at the point of fracture 1 *3 ; specific resilience 
at the point of fracture 0-48 (Tredgold) ; is crushed by a force of 
6060 lbs. upon a square inch (Rennie). 
Mercury. Specific gravity 13'568 (Brisson) ; weight of a cubic inch 

0-4948 lb. ; expands in bulk by P of heat —3 (Dulong and Petit) ; 

weight of modidus of elasticity for a base of an inch square 
4,417,000 B)S. ; height of modulus of elasticity 750,000 feet (Dr. 
Young from Canton's Experiments). 
Oak, good English, Specific gravity 0*83 ; weight of a cubic foot 52 ]ft>8. ; 
weight of a bar 1 foot long and 1 inch square 0*36 lb. ; will bear 
upon a square inch without permanent alteration 3960 lbs. ; and an 

extension in length of -^ ; weight of modulus of elasticity for a 

base of an inch square 1,700,000 lbs. ; height of modulus of elas- 
ticity 4,730,000 feet ; modulus of resilience 9*3 ; specific resilience 
11. (Tredgold.) 

Compared with cast iron as unity, its strength is 0*25 ; its exten- 
sibility 2-8 ; and its stiffness 0-093. 

Pendulum. Length of pendulum to vibrate seconds in the latitude of 
London 39*1372 inches (Kater) ; ditto to vibrate half seconds 
9-7843 uiches. 

Pine, American, yellow. Specific gravity 0*46 ; weight of a cubic foot 
26| fts. ; weight of a bar 1 foot long and 1 inch square 0*186 ft. ; 
will bear on a square inch without permanent alteration 3900 lbs., 

and an extension in length of -^ ; weight of modulus of elasticity 

for a base of an inch square 1,600,000 Bbs. ; height of modidus of 
elasticity 8,700,000 feet; modulus of resilience 9*4 : specific resi- 
lience 20. (Tredgold.) 

Compared with oast iron as unity, its strength is 0*25 ; its exten- 
sibility 2-9 ; and its stifihess 0-087. 

Porphyry, red. Specific gravity 2-871 : weight of a cubic foot 179 5)s.; 
is crushed by a force of 35,568 lbs. upon a square inch. 
(Gauthey.) 

Rope, hempen. Weight of a common rope 1 foot long and 1 inch in 
circumference from 0*04 to 0*046 Bb. ; and a rope of this size should 
not be exposed to a strain greater than 200 lbs. ; but in compounded 
ropes, such as cables, the greatest strain should not exceed 120 lbs. ;* 

* The square of the circiunfereDCe in inches multiplied by 200 will giTe the number of 
pounds a rope may be loaded with, and multiply by 120 instead of 200 for cables. 
Common ropes will bear a greater load with safety after they have been some time in use, 
in consequence of the tension of the fibres becoming equalized by repeated stretchings and 
partial untwisting. It has been imagined that the improyed strength was gained by their 
being laid up in store ; but if they can there be preserved from deterioration, it is as 
much as can be expected. 
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and the weight of a cable 1 foot m length and 1 inch in circumfe- 
rence does not exceed 0*027 lb. 

Roofs. Weight of a square foot of Welsh rag slating Hi lbs. ; weight 
of a square foot of plain tiling 16ilb8. ; greatest force of the wind 
upon a superficial foot of roofing may be estimated at 40 lbs. 

Slate, Wehh. Specific gravity 2*752 (Kirwan) ; weight of a cubic foot 
172tt)S. ; weight of a bar 1 foot long and 1 inch square I'lQlbs. ; 
cohesive force of a square inch 11,500 S^s.; extension before frac- 
ture jgy^ ; weight of modulus of elasticity for a base of an inch 

square 15,800,000 lbs. ; height of modulus of elasticity 13,240,000 
feet ; modulus of resilience 8*4 ; specific resilience 2. (Tredgold.) 
Slate, Westmoreland, Cohesive force of a square inch 7870 lbs. ; exten- 
sion in length before fracture ^^ ; weight of modulus of elasticity 

for a base of an inch square 12,900,000 !ft)s. (Tredgold.) 
Slate, Scotcli. Cohesive force of a square inch 9600 Bt»s. ; extension in 

length before fracture ^^ ; weight of modulus of elasticity for a 

base of an inch square 15,790,000 lbs. (Tredgold.) 
Steam. Specific gravity at 212® is to that of air at the mean tempera- 
ture as 0-472 is to 1 (Thomson) ; weight of a cubic foot 249 grains; 
modulus of elasticity for a base of an inch square 14Jfi«. ; when 

not in contact with water, expands ^ of its bulk by 1° of heat. 

(Gat Lussac.) 
Steel. Specific gravity 7*84 ; weight of a cubic foot 490 lbs. ; a bar 
1 foot long and 1 inch square weighs 3*4 lbs. ; it expands in length 

by P of heat j^f^ (Roy) ; tempered steel will bear without per- 
manent alteration 45,000 lbs. ; cohesive force of a square inch 
130,000 lbs. (Rbnnib) ; cohesive force diminished gjjj by elevating 

the temperature 1° ; modulus of elasticity for a base of an inch 
square 29,000,000 lbs. ; height of modulus of elasticity 8,530,000 
feet (Dr. Young). 
Stone, ParUancL Specific gravity 2*113 ; weight of a cubic foot 132 lbs. ; 
weight of a prism 1 inch square and 1 foot long 0*92 lb. ; absorbs 

j^ of its weight of water (R Tredgold) ; is crushed by a force of 

3729 Sbs. upon a square inch (Rennie) ; cohesive force of a square 

inch 857 lbs. ; extends before fracture ^ of its length ; modulus 

of elasticity for a base of an inch square 1,533,000 Jbs. ; height of 
modulus of elasticity 1,672,000 feet ; * modidus of resilience at the 

* In the stones, the modalns here givan is calculated from the flexure at the time of 
fracture ; when it is taken for the first degrees of flexure, it is a little greater. The 
experiments are described in the Philosophical Magacine, vol. M, p. 290. 
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point of fracture 0*5 ; specific resilience at the point of fracture 
0-23 (Tredgold), 
SxoNBy Baih Specific gravity 1*975 ; weight of a cubic foot 123'4 lbs. ; 

absorbs ^ of its weight of water (R. Tredgold) ; cohesive force of 

a square inch 478 Bte. (Tredgold). 
Stone, CraigleUh, Specific gravity 2-362 ; weight of a cubic foot 

147 '6 lbs. ; absorbs ^ of its weight of water; cohesive force of a 

square inch 772 ]^s. (Tredgold) ; is crushed by a force of 5490 lbs. 
upon a square inch (Renkie). 
Stone, Dundee, Specific gravity 2*621 ; weight of a cubic foot 163*8 fta ; 

absorbs ^ part of its weight of water ; cohesive force of a square 

inch 2661 B>s. (Tredgold); is crushed by a force of 6630 lbs. upon 

a square inch (Rennie). 
Stone-work. Weight of a cubic foot of rubble-work about 140 fl>8. ; 

of hewn stone 160 S>s. 
Tin, c(Mf. Specific gravity 7*291 (Brisson); weight of a cubic foot 

455*7 lbs. ; weight of a bar 1 foot long and 1 inch square 3 165 lbs.; 

expands in length by P of heat -^^jj^ (Smeaton) ; melts at 442® 
(Crichton) ; will bear upon a square inch without permanent altera- 

tion 2880 fi>s., and an extension in length of ^^ ; modulus of 

elasticity for a base of an inch square 4,608,000 S)s.; height of 
modulus of elasticity 1,453,000 feet ; modulus of resilience 1 *8 ; 
specific resilience 0*247 (Tredgold). 

Compared with cast iron as iinity, its strength is 0182 ; its exten- 
sibility 0*75 ; and its stiffness 0*25. 
"Water, river. Specific gravity 1*000 ; weight of a cubic foot ^26 Btws, ; 
weight of a cubic inch 252*525 grains; weight of a prism 1 foot 
long and 1 inch square 0*434 lb. ; weight of an ale gallon of water 

10*2 lbs. ; expands in bulk by 1° of heat 5^ (Dalton) ; * expands 

in freezing yj of its bulk (Williams) ; and the expanding force of 

freezing water is about 35,000 fi^s. upon a square inch, according to 
Muschenbro^k's valuation ; modidus of elasticity for a base of an 
inch square 326,000 fi^s. ; height of modulus of elasticity 750,000 
feet, or 22,100 atmospheres of 30 inches of mercury (Dr. Young, 
from Canton's Experiments). 
Water, wo. Specific gravity 1*0271 ; weight of a cubic foot 64*2 Rs. 

* Water has a state of maxixnam density at or near 40°, which is considered an excep- 
tion to the general law of expansion by heat : it is extremely improbable that there is 
anything more than an apparent exoeption, most likely arising from water at low tem- 
peratares absorbing a considerable quantity of air, which has the effect of expanding it ; 
and consequently of causing the apparent anomaly. 
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Water is 828 times the density of air of the temperature 60**, and 

barometer 30. 
Whale-bone. Specific gravity 1-3 ; weight of a cubic foot 81 lbs. ; will 

bear a strain of 5600 Itm. upon a square inch without permanent 

alteration, and an extension in length of j^^ ; modulus of elasticity 

for a base of an inch square 820,000 lbs. ; height of modulus of 

elasticity 1,458,000 feet ; modidus of resilience 38*3 ; specific 

resilience 29. (Tredgold.) 
Wind. Greatest observed velocity 159 feet per second (Rochon) ; force 

of wind with that velocity about 57| fl&s. on the square foot* 
Zinc, cast Specific gravity 7*028 (Watson); weight of a cubic foot 

439 i lbs. ; weight of a bar 1 inch square and 1 foot long 3*05 lbs. ; 

expands in length by 1° of heat ^jgoo (Smeaton) ; melts at 648° 
(Daniell) ; will bear on a square inch without permanent alteration 
5700 lbs, = 0*365 cast iron, and an extension in length of j^ = J 

that of cast iron (Tredgold) ; t modiolus of elasticity for a base of 
an inch square 13,680,000 &s. ; height of modulus of elasticity 
4,480,000 feet ; modulus of resilience 2*4 ; specific resilience 0*34. 
(Tredgold.) 

Compared with cast iron as unity, its strength is 0*365; its 
extensibility 5 ; and its stiffness 0*76. 



* Table of the foroe of winds, formed from tlie Tables of Mr. Rouse and I>r. Lind, and 
compared with the obserrations of Colonel Beaufoy. 



Velocity 
in miles 
per hour. 


▲ wind may be denominated when it does 


Velocity 


Foroe on a 


not exceed the velocity opposite to it 

• 


per 
second. 


square foot. 






feet 


lbs. 


6-8 


A gentle pleasant wind . . 


10 


0-229 


18-6 


A brisk gale 






20 


0-915 


19-5 


A very brisk gale . 






30 


2-059 


34*1 


A high wind . 






50 


5-718 


47-7 


A Tery high wind 






70 


11-207 


Bi'5 


A storm or tempest . 






80 


li-6S8 


68-2 


A great storm . 






100 


22-872 


81-8 


A hurricane . 






120 


32*926 


102-3 


FA violent hurricane^ that tears upl 
trees, overturns buildings, &c. . 


I'iO 


51-426 


A Vm W 


J-tlV 



* Aooorate observations on the variation and mean intensity of the foroe of winds would 
be very desirable both to the mechanician and meteorologist. 

t The fracture of zinc is very beautiful ; it is radiated, and preserves its lustre a long 
time. 



NOTE ON THE ACTION OF CERTAIN SUBSTANCES ON 

CAST IRON. 



In some circumstances cast iron will decompose, and be converted into a soft 
substance resembling plumbago. A few instances of this kind I add here, as they 
will be interesting to persons who employ iron for various purposes. 

Dr. Heniy observed that when cast iron was left in contact with muriate of lime, 
or muriate of magnesia, most of the iron was removed, the specific gravity of the 
mass was reduced to 2*155, and what remained consisted chiefly of plumbago, and the 
impurities usually found in cast iron.* 

A similar change was produced in some cast iron cylinders used to apply the 
weaver's dressing to cloth : this dressing is a kind of paste, made of wheat or barley- 
meal. The corrosion of the cylinders took place repeatedly, and was so rapid that it 
was found necessary to use wooden ones. Dr. Thomson ascribes the change to the 
acid formed by the paste turning sour.f 

Another instance of greater importance has been recorded by Mr. Brande. A portion 
of a cast iron gim had undergone a like change from being long immersed in sea- water. 
To the depth of an inch it was converted into a substance having all the external 
characters of plumbago ; it was easily cut, greasy to the feel, and made a black streak 
upon paper. $ The component parts of this substance were in the ratio of 

Oxide of iron . . .81 
Plumbago . . . .16 

97 

Mr. Brande Qotdd not detect any silica in it ; and remarks, that anchors and other 
articles of wrought iron, when similarly exposed, are only superficially oxidized, and 
exhibit no other peculiar appearance. 

Near the town of Newhaven, in America, a cannon ball was discovered, which it was 
ascertained had lain undisturbed about forty-two years in ground kept constantly 
moist by sea-water : the diameter of the ball was 8 '87 inches, and with a common 
saw a section was easily made through a coat of plumbaginous matter, which at the 
place of incision was half an inch thick ; but its thickness varied in different places. 
The plumbago cut with the same ease, gave the same streak to paper, and had in 
every respect the properties of common black lead. 

A cannon ball had undergone a similar change, which was taken from the wreck of 
a vessel that appeared to have been many years under water ; the ball was covered 
by oysters firmly adhering to it, and its external part was converted into plumbago. 

• Dr. Thomson's Annals of Philosophy, vol. v. p. 66. 

f Idem, vol. x. p. 802. 

i Quarterly Journal of Science, vol. xii. p. 407. 
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But an old cannon found covered with oysters did not, on the remoyal of its coating, 
show any signs of such conversion.* 

The reader who wishes to pursue this interesting subject may consult an article 
** On the Mechanical Structure of Iron developed by Solution," &c., by Mr. Daniell,t 
who has made several experiments with a view to determine the nature of the 
substance resembling plumbago, which is found on the surface of iron after it has 
been exposed to the action of an acid. 

Mr. DanieU found that the structure of iron, as developed by solution, was veiy 
different in different kinds ; and that it required three times as long to saturate a 
given portion of acid when it acted on white cast iron, as when it acted on the gray 
kind. 

* Phillips's Annals of Philosophy, vol. iv. p. 77. 1822. 

f Quarterly Journal of Science, vol. ii. p. 278. Much additional infonnation on the 
effect of water upon iron will be obtained from the Beport of Mr. Mallet *' upon the Action 
of Sea and Biver Water, whether dear or foal, and at various temperatureSi upon Cast 
and Wrought Iron.'* British Association, vols. vii. and viii. — Editor. 



EXPLANATION OF THE PLATES. 



PLATE I. 

Fig. 1. A bar supported at the ends, and loaded in the middle of the length. See 
art. 8. 

Fig. 2. A beam with the load uniformly distributed over the length, as the experi- 
ment, art. 61, was tried. See art. 20 and 61. 

Fig. 3. The form for a beam of uniform strength to resist the action of a load at C. 
ACD and BCD are semi-parabolas, A and B being the vertices. The dotted 
lines show the additions to this form to render it of practical use. See ai-t. 27, 
128, and 228-229. 

Fig. 4. A form for a beam wliich is as nearly of uniform resistance as practical con- 
ditions will admit of : it is bounded by straight lines, and the depths at the 
ends are each half the depth in the middle. Sec art. 17 (Ex. 7), 28, 65, 127, 
and 230-234. 

Fig. 5. A variation of the last form for the case where the force sometimes acts 
upwards and sometimes downwards. See art. 29, 127, and 230-234. 

Fig. 6. A figure of uniform strength for a beam, when the depth is uniform. See 
art. 30, 122, and 242-246. 

Fig. 7. A modification of fig. 6, which is the most economical form of equal strength 
for resistance to pressure. B' is the form of the end. See art 80. 

Fig. 8. The form of equal resistance for a load rolling along the upper side, as in a 
railway ; or for a load uniformly distributed oyer the length. ACB is half an 
ellipse. The dotted lines show the addition required in practice. See art. 32, 
125, 240, and 241. 

Fig. 9. The strongest form of section for a beam to resist a cross strain. AM is the 
line called the netUriil axi^. See art. 40, 54, 116, 185-197, and 321. 

Fig. 10 shows an application of the section, fig. 9, to form a 'fire-proof floor, the 
projection serving the double purpose of giving additional strength, and forming 
a support for the arches. See art. 40 and 194. 



PLATE IL 

Fig. 11. This is the figure of a very economical beam for supporting a load diflnsed 
over its length : it is adapted for girders, beams to support walls, and the like. 
An easy rule for proportioning girders is given in art. 50. When this form is 
used for a girder, the openings answer for inserting cross joists. AB and CD 
show the sections at these places. See art. 21 (Ex. 12), 41, 43, 117, 198-210, 
and 328. 
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Fio. 12. This figure shows a beam on the same principle as the preceding figure, 
except that the load is supposed to act only at one point A. See art. 43, 44, 117> 
and 198-210. 

Fio. 13. The section of a shaft, commonly called a feathered shaft. See art. 46. 
Fig, 14. A figure to illustrate the action of forces upon a beam, and to explain the 
mode of calculation. See art. 106, 108, 131, and 154. 

Fio. 15. A section of the beam in fig. 14, at BD. This section is supposed to be 
divided into thin laminae. See art. 106. 

Fig. 16. A figure to illustrate the method of calculating the deflexion of beams. In 
these figures (figs. 14 and 16) I have regarded distinctness of the parts referred 
to more than the true relation of the parts to one another. See art. 120, 



PLATE III. 

Fig. 17 is to illustrate tlie circumstances which take place in the deflexion of beams 

fixed at one end. See art. 133 and 154. 
Fig. 18. To explain the mode of calculating the strength of cranks. See art. 135. 

Fio. 19. A figure to explain the manner of estimating the strength and deflexion of 
a beam supported at the ends. See art. 136, 143, 146, 149, and 165. 

Fig. 20. A figure to show how to calculate the strain upon a beam when a load is 
distributed in any regular maimer over it. The load being uniform, ad is the 
line which represents its upper surface ; when the load increases as the distance 
from the end A, c (2 is the line bounding it ; and when the load increases as the 
square of the distance fh>m A, hdia the lino bounding it. The second case is 
the same as the pressure of a fluid against a vertical sheet fixed at the ends. See 
art. 138-141, and 160. 

Fig. 21. ACB is the form of equal strength for a uniform load : it is in this figure 
applied to the cantilever of a balcony, and whatever ornamental form may be 
given to the under side, it should not be cut within the line B C. See art. 34, 
130, and 157. 

Fig. 22. When the section is of the form C D', and the breadth uniform, the figure 
of equal strength for a load in the middle is formed by two semi-parabolas (as in 
fig. 3), shown by the dotted lines ; and it may be formed for practical application, 
as shown in the figure. See art. 187, 228-227. 

Fig. 23 is a figure to illustrate the nature of variable forces. See art. 295. __ 

Fig. 24. If the section of a beam be C D', and the breadth uniform, the form of 
equal strength for a uniform load, as in girders for floors, is a semi-ellipse, 
shown by the dotted lines ; and also when the load rolls or slides over it ; and it 
may be formed for practical application, as the figure ; and an easy rule for 
girders of this kind is given in page 42. See art. 21 (Ex. 18), 188, 193, 240, 
241, and 322. 

PLATE IV. 

Fig. 2j^ represents a beam fixed at one end ; a' ^ is its section ; the load acting at 
the end C, the figure of equal resistance is a semi-parabola. See art. 196 and 
228-229. 

Fig. 26. Form suitable for the beam of a steam-engine to the form of section a' K 
See art. 40, 196, 222, and 223-229. 
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Fio. 27. A sketch for a beam to bear a considerable load distributed uniformly over 
its length, when the span is so much as to render it necessary to cast it in two 
pieces. The connexion may be made by a plate of wrought iron on each side at 
C, with indents to fit the corresponding parts of the beam. Wrought iron should 
be preferred for the connecting plates, because, being more ductile, it is more 
safe. See the next figure and ai-t. 198-210. 

Fig. 28 shows the under side of the beam in the preceding figure. The plates are 
held together by bolts ; but it is intended that the strength should depend on 
the incidents, the bolts being only to hold them together. No connexion is 
wanted at the upper side of the beam, except a bolt c df or like contrivance, to 
steady it. See art. 199. 

Fio. 29. A figure to explain the nature of the resistance to twisting or torsion. See 
art. 263. 

FiQ. 30. A figure to illustrate the action of the straining force on columns, posts, 
and the like. See art. 276. 

FiQ. 81. To explain the effect of settlement or other derangement of the straining 
force. See art. 10 and 281. 

Fig. 32. Another ca.se of settlement or derangement of the straining force on a 
column considered. See art. 283. 

Fig. 33. To show why columns should not bo enlarged at the top or bottom. See 
art. 283. 

Fig. 34. A sketch for an open beam recommended for an engine beam. See art. 
350. In small beams the middle part may be left wholly open, except at the 
centre. Capt. Eater has used thfs form for the beam of a delicate balance. 
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EXPERIMENTAL RESEARCHES 



ON THE 



STRENGTH AND OTHER PROPERTIES OP CAST IRON; 



"WITH 



THE BEYELOFMENT OF NEW PRINCIPLES ; CALGITLATIONS DEDUCED FBOM THEM ; AND 
INQUIRIES APPLICABLE TO BI6ID AND TENACIOUS BODIES GENERALLY. 



By EATON HODGKINSON, F.R.S. 
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EXPERIMENTAL RESEARCHES, Etc, 



1 . In the preceding Work the very ingenious Author has 
confined his reasonings chiefly to the effects produced upon 
bodies by forces, which were small comparatively to those 
necessary to produce fracture. In this Second, or Additional 
Part, I shall generally give the ultimate strength of the bodies 
experimented upon, and endeavour to show the laws, or 
illustrate the phenomena, attendant upon fracture. The 
conclusions in this Part will be drawn from experiments 
mostly made since Mr. Tredgold wrote his Work upon Cast 
Iron, at which time there was confessedly a want of experi- 
mental information upon the subject in this country ; and we 
were but slightly acquainted with what had been done upon 
the Continent. Having for many years devoted a portion of 
my time to experimental research on the strength of materials, 
in which the expense was borne by my liberal friend William 
Fairbaim, Esq., whose extensive mechanical establishment, at 
Manchester, enabled him to offer me every facility for the 
purpose, I have obtained a large mass of facts on most of the 
subjects connected with the strength of materials. Mr. 
Fairbairn has likewise published the results of a great number 
of well-conducted experiments upon the transverse strength of 
bars of cast iron. An abstract, therefore, of the leading 
experiments made at Mr. Fairbaim's Works, and of those 
given by Navier, Rennie, Bramah, and others, with theoretical 
considerations, is all that can be attempted in this Additional 

Q2 
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Part; pointing out, as I proceed, whatever has a bearing upon 
the conclusions of Tredgold in the body of the Work* 



TENSILE STRENGTH OF CAST IRON. 

2. To determine the direct tensile strength of cast iron, I 
had models made of the form in Plate I. fig. 1. 

The castings from these models were very strong at the 
ends, in order that they might be perfectly rigid there, and 
had their transverse section, for about a foot in the middle, of 
the form in fig. 2. This part, which was weaker than the 
ends, was intended to be torn asunder by a force acting per- 
pendicularly through its centre. The ends of the castings 
had eyes made though them, with a part more prominent 
than the rest in the middle of the casting, where the eye 
passed through ; fig. 3 represents a section of the eye. The 
intention of this was that bolts passing through the eyes, and 
having shackles attached to them, by which to tear the 
casting asunder, would rest upon this prominent part in the 
middle, and therefore upon a point passing in a direct line 
through the axis of the casting. Several of the castings were 
torn asunder by the machine for testing iron cables, belonging 
to the Corporation of Liverpool ; the results from these are 
marked with an asterisk. Others were made in the same 
manner, but of smaller transverse area ; these were broken by 
means of Mr. Fairbaim's lever (Plate II. fig. 40), which was 
adapted so as to be weU suited for the purpose. 

The form of casting here used was chosen to obviate the 
objections made by Mr. Tredgold (art 79 and 80) and others 
against the conclusions of former experimenters. The results 
are as foUow : 
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3. JRatUts of JExperiments on the Tensile Strength of Caet Iron. 



Deflcription of iron. 



Carron iron, Na 2, hot blast 
Bo. do. do. 

Do. do. do. 

Carron iron. No. 2, cold blast 

Bo. do. do. 

Carron iron. No. 3, hot blast 

Bo. do. do. 

Carron iron. No. 3, cold blast 

Bo. do. do. 

BoTon (Scotland) iron, No. 3, 
hot blast • . . . 
Buffery iron, No. 1, hot blast 
Buffery iron, No. 1, cold blast 
Coed'Talon (North Wales) 
iron, No. 2, hot blast . . 
Bo. do. do. 

Coed-Talon (North Wales) 
iron, No. 2, cold blast « . 
Bo. do. do. 

Low Moor iron (TorlLshire), 
No. 8, from 5 experiments 
Mixture of iron, — 4 experi- 
ments further on (art. 7.) . 



Area of 

seotion in 

inches. 



4*081 

1-7286 

1-7087 

1-7091 

1-6881 

1-7028 

1-6618 

1-6232 

1-6677 

4-269 

8-885 
4-104 

1-586 

1-645 

1-635 

1-568 

1-540 



Breaking 
weight in 



56,000 
22,895 
28,219 
28,667 
27,099 
28,667 
81,019 
22,699 
24,048 

98,520 

51,520 
71,680 

25,818 

28,086 

80,102 

28,380 

22,885 



Strength 
per eq. in. 
of section. 



18,892* 

12,993 

13,629 

16,772 

16,594 

16,840 

18,671 

13,984 

14,417 

21,907* 

13,484» 
17,466* 

16,279 \ 

17,074 { 

19,610 \ 

18,100 1 

14,585 



Hean in lbs. per 
square inch. 



Mean from the whole 



tons. owt. 

13,505=6 Oi 

16,683=7 9 

17,755=7 181 

14,200=6 7 

21,907=9 154 

13,484=6 

17,466=7 16 

16,676=7 9 

18,855=8 8 

14,585=6 10 

16,542=7 7 J 

16,605=7 7i 



4. The preceding Table, excepting the two last lines, is 
extracted from my Report on the strength and other pro- 
perties of cast iron obtained by hot and cold blast, in vol. vi. 
of the British Association. 

5. In the second volume published by the Association, 
there are given the results of a few experiments, which I 
made to determine the tensile strength of cast iron of the 
following mixture : Blaina No. 2 (Welsh), Blaina No. 3, and 
W. S. S., No. 3 (Shropshire), each in equal portions.* 

6. In these experiments the intention was to determine, 
first, the direct tensile strength of a rectangular mass, when 
drawn through its axis, and next the strength of such a mass, 
when the force was in the direction of its side. The castings 
for the experiments on the central strain were of the form 
previously described ; and in the others the force was exactly 

* This mixture of iron is the same as I had employed in some experiments on the 
strength and best forma of cast iron beams (Memoirs of the Literary and Philosophical 
Society of Manchester, to1« v.. Second Series), of which an account will be given 
further on. 
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along the side. The experiments were made by means of the 
Liverpool testing machine. 



7. Porw up ik6 middU, 



Bxperl- 
mentB. 


Areaofseotion 

in parts of an 

inch. 


Breaking 

weight in 

tons. 


Btrongth pttr square inch. 


1 
2 
8 

4 


8-012 
2-97 
8-031 
2-95 


22-5 
21-0 
25-5 
19-5 


7-47 ) tons. 

7-07 > mean 7'e5=sl7186 lbs. 

8-41) 

6*59 different quality of iron. 



8. Force along the side. 



Bxperi- 
menls. 


Ana of section 

in parts of an 

inch. 


Breaking 

weight in 

tons. 


* 

Strength per square inch. 


6 
6 


4-88 

4-815 


11-5 
18-75 


2-865 } "^"^ 2'^^ ^""^ 



9. Whence we see that the strength of a rectangular piece 
of cast iron, drawn along the side, is about one-third, or a 
little more, of its strength to resist a central strain, since 
3 X 2-62=7-86 is somewhat greater than 7-65. Mr. Tredgold 
computed that, if the elasticity remained perfect, the strength 
in these two cases would be as 4 to 1 (art. 281). 

10. The following Table, calculated from one given by 
Navier (Application de la Mecanique), contains the results of 
several experiments made in 1815 by Minard and Desormes 
upon the direct tensile strength of cylindrical pieces of cast 
iron, of which the specific gravity was 7 '074. The results 
from the experiments which they have given on defective 
specimens are here rejected. 











Weight producing ruptui'e. | 


Naof 
Rxperi- 
ments. 






Area of 

transvei'se 

seotion« 








Temperaturo. 


TotaL 


Per square 
miUlm^tre. 


Per English 
inch square. 




Degrees of 














centigrade 


Degrees of 


Square 
millun^tres. 


KUo- 




Tons. 




thermometer. 


Fahrenheit. 


grammes. 


Kilogrammea. 


Bngllsh. 


1 


— 6 


21-2 


830 


8892 


10-2788 


6-6277 


2 


— 5 


28 


846 


8542 


10-2870 


6-5011 


8 


— 5 


28 


863 


8092 


8-5179 


5-4094 


4 


—IS 


5 


868 


8720 


10-2479 


6-5080 


5 


+ 60 


140 


853 


4020 


11-3881 


7-2821 


6 


■t- 8 


87-4 


147 


1920 


180612 


8-2946 


7 


•f 5 


41 


165 


1920 


11-6364 


7-8898 


8 


+ 5 


41 


165 


2140 


12-9691 


8-2862 


9 


+ 5 


41 


165 


2860 


14'8080 


9-0888 


18 


+ 5 


41 


846 


8670 


10-6069 


6-7860 
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11. Since a square millimetre is *001 650069 of an English 
square inch, and a kilogramme «=> 2*205 of a pound avoir- 
dupois, multiplying the kilogramme per square millimetre, in 
the last column of the Table above, by 2'205, and dividing 
the product by '001550059, and by 2240, the number of 
pounds in a ton, gives the number of tons per square inch 
which the iron required to tear it asunder. Or if we 
multiply the numbers in the last column but one by •63506, 
we obtain the same result; and thus the last column was 
formed. 

12. We find from these experiments that the strength of the 
weakest specimen was 5*09 tons per square inch, that of the 
strongest 9*08 tons, and the mean strength from all the 
specimens was 7*19 tons. 

13. In my own experiments given above, in which every 
care was taken both to form the castings in such a manner as 
to obviate theoretical objections, and to obtain accurate 
results, the strengths varied from 6 tons to 9f tons per square 
inch, the mean from twenty-five experiments being 16,505ibs. 
or 7*37 tons nearly. These experiments were upon iron 
obtained from various parts of England, Scotland, and Wales ; 
and in no case, except one, was it found to bear more than 
8^ tons per square inch. With these facts before the reader 
he will, I conceive, be unable to see how the mean tensile 
strength of cast iron can properly be assumed at more than 
7 or 7^ tons per square inch ; but some of our best writers 
have, by calculating the tensile strength from experiments on 
the transverse, arrived at the conclusion that the strength of 
cast iron is 10, or even 20 tons, or more. Mr. Barlow conceives 
it to be upwards of 10 tons (Treatise on Strength of Timber, 
Cast Iron, &c., p. 222), and Mr. Tredgold makes it at least 
20 (art. 72 to 76). The reasoning of Mr. Tredgold, by 
which he arrives at this erroneous conclusion, with others 
resulting from it, will be examined at length under the head 
"Transverse Strength." Navier, too, (Application de la 
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Mecanique, article 4,) calculates the tensile strength of cast 
iron from principles somewhat similar to those assumed by 
Tredgold, and finds it much too high. 



STRENGTH OF CAST IRON AND OTHER MATERIALS TO 

RESIST COMPRESSION. 

14. On this subject there was acknowledged to exist a 
greater want of experimental research than on any other 
connected with the strength of materials. Feeling this to be 
the case, I have done all that I could, without too lavish a 
use of the means intrusted to me, to supply the deficiency. 

15. The matter will be classed under two heads. 1st. The 
resistance of bodies which are so short, compared with their 
lateral dimensions, as to be crushed with little or no flexure. 
2nd. The resistance of pillars long enough to break by 
flexure. 



RESISTANCE OF SHORT MASSES TO A CRUSHING FORCE. 

16. On this subject I shall give, as before, an abstract 
from my Report on the strength and other properties of hot 
and cold blast iron, in the sixth volume of the British 
Association, referring for more information to the Work itself. 
Great diversity exists in the conclusions of former experi- 
menters upon the matter. Rondelet found (Traite de TArt 
de b&tir) that cubes of malleable iron, and prisms of various 
kinds of stone, were crushed with forces which were directly 
as the area, whilst from Mr. Rennie's experiments, both upon 
cast iron and wood, it would appear that the resistance 
increases, particularly in the latter, in a much higher ratio 
than the area (Mr. Barlow's Treatise on the Strength of 
Materials, art. 112). With respect to M. Rondelet's con- 
clusions, that cubes of malleable iron resisted crushing with 
forces proportional to their ai*eas, and that to such a degree 



RESISTANCE TO CRUSHING. 233 

that when in his experiments the area was increased four 
times, this ratio did not differ from the result so much as a 
fiftieth part, I am strongly persuaded that wrought iron does 
not admit of such precision of judging when crushing 
commences, as to enable any conclusion to be easily drawn 
with respect to its proportionate resistance to crushing. A 
prism of that metal becomes slightly flattened and enlarged 
in diameter with about 9 or 10 tons per square inch, and this 
effect increases as the weight is increased ; but there is no 
abrupt change in the metal by disunion of the parts, as in 
cast iron, wood, &c. 

17. With respect to the experiments of Mr. Rennie, the 
lever used in performing them would not during its descent 
act uniformly upon all parts of the specimen ; and therefore 
the results would be liable to objection. I endeavoured there- 
fore, by repeating, with considerable variations, in the Report 
above named, the ingenious experiments of Mr. Rennie, to 
arrive at some definite conclusions upon the subject. 

18. In order to effect this, it was thought best to crush 
the object between two flat surfaces, taking care that these 
were kept perfectly parallel, and that the ends of the prism 
to be crushed were turned parallel, and at right angles to 
their axes ; so that when the specimen was placed between 
the crushing surfaces its ends might be completely bedded 
upon them. For this purpose a hole, 1^ inch diameter, was 
drilled through a block of cast iron, about 5 or 6 inches 
square, and two steel bolts were made which just fitted this 
hole, but passed easily through it ; the shortest of these bolts 
was about \\ inch long, and the other about 5 inches ; the 
ends of these bolts were hardened, having previously been 
turned quite fiat and perpendicular to their axes, except one 
end of the larger bolt, which was rounded. The specimen 
was crushed between the fiat ends of these bolts, which were 
kept parallel by the block of iron in which they were inserted. 
See fig. 4, where A and B represent the bolts, with the prism 
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C between them, and D E the block of iron. During the 
experiment the block and bolt B rested upon a flat surface of 
iron, and the rounded end of the bolt A was pressed upon by 
the lever. There was another hole drilled through the block 
at right angles to that previously described ; this was done in 
order that the specimen might be examined during the experi- 
ment> and previous to it, to see that it was properly bedded. 

19. The specimens were crushed by means of the lever 
represented in Plate 11. fig. 40, the bolt A (Plate I. fig. 4) 
being placed under it in the manner the pillar is there 
described to be. In the experiments the lever was kept as 
nearly horizontal as possible. 

The results of the first experiments I made are given in the 
following Table : 

20. Tabulated fentlu of experiments made to ateertain the wetgkti neeetsarff to cnak 
given cyUnden, <t*c., of east iron, of the quality No, 2, from the Carron Iron Works. 
The specimens in the first three columns of results toere from cylinders cast for Ute 
purpose f and ttsmed to the right site : the 4 inch from those of about } inch, Ac, 



I 



o 

to 
"S 

n 



i inoh. 

(do. 
do. 
i do. 
I do. 
) do. 
J do. 

1 do. 
U do. 
l\ do. 

2 do. 



All 



lbs. 
J 8737 
(8145 
6818 
6563 
6301 
6809 
5980 

5798 





fi>B. 

18,882 

16,474 
18,786 
13,638 
14,156 
15,059 

14,877 
14,190 
14,148 
13,800 



VtM. 

30,461 

26,983 
26,412 
24,210 

23,465 

22,867 

24,177 
23,458 
21,828 



1^ 

« S 9 a 



5% 



li 



I Right priams, 
j base ao equila- 
I teral triangle, 
: circumtcribiug 
an \ luoh cylSn- 
dor, ita siden 
being '866 in., 
area '3247. 
Cnuhiog 
weight. 



lbs. 



38,671 
85,888 
35,888 



35,548 
33,448 
81,848 



Right priimt. 

boaea squares, 

^ inch the aideb 

cut out of an 

inch square bar, 

area '350. 

Crushing 

weight. 



25,721 
24,191 
23,950 



Right priams, 
base a rectangle 
lOOx-261 inch, 
cut out of a bai 
li inch aauare, 
area '261 ioeh. 

Crushing 

weight. 



27,187 



25,151 



2L By comparing the results in each vertical column, we 
see that the shorter specimens generally bear more than the 
larger ones of the same diameter, or dimensions of base. In 
the shortest specimens fracture takes place by the middle 
becoming flattened and increased in breadth^ so as to burst 
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the surrounding parts, and cause them to be crumbled and 
broken in pieces. This is usually the case when the lateral 
dimensions of the pism are large compared with the height. 
When they are equal to, or less than the height, fracture is 
caused by the body becoming divided diagonally in one or 
more directions. In this case the prism, in cast iron at least, 
either does not bend before fracture, or bends very slightly ; 
and therefore the fracture takes place by the two ends of the 
specimen forming cones or pyramids, which split the sides 
and throw them out ; or, as is more generally the case in 
cylindrical specimens, by a wedge sliding off, starting at one 
of the ends, and having the whole end for its base; this 
wedge being at an angle which is constant in the same 
material, though different in different materials. In cast iron 
the angle is such that the height of the wedge is somewhat 
less than f of the diameter. The forms of fracture in these 
cases may be seen from Plate I., in which fig. 5 represents a 
cylinder before fracture, and fig. 6 the same cylinder after- 
wards ; a part in the form of a wedge having separated from 
one side of it, and the remainder being shortened and bulged 
out in the middle, which is very obvious in experiments on 
soft cast iron. Figs. 7 and 8 represent another cylinder 
before and after fracture : in fig. 8 the sides are separated by 
the action of two cones, having the ends of the cylinder for 
the bases, and the vertices with sharp edges or points formed 
near to the centre of the cylinder, but inclined a little from 
the axis, so that they may slip past each other, and divide the 
mass without injury to the cones. Figs. 9 and 10 show the 
same thing as the two preceding figures; and fig. 11 is a 
representation of one of the cones, the vertex being sharp, 
as above mentioned. Fig. 12 is another cylinder, of soft cast 
iron, showing the directions of the fractures, but not sepa- 
rated. Fig. 13 was a cylinder too short to be crushed in the 
ordinary way ; but the centre shows the rudiments of a cone, 
throwing out the surrounding parts. Fig. 14 represents a 
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rectangular prism; and figs. 15 and 16 the modes of its 
fracture. Figs. 17 and 18 represent a whole and fractured 
prism ; and the same is the case with respect to figs. 19 and 
20. In fig. 20 the sharp-pointed pyramid, with the lower 
side of the specimen for its base, is very clearly shown ; it has 
cut up the prism, separating the sides, and left a number of 
sharp-edged parts, all of which have slid off in the angle of 
least resistance. Figs. 21 and 22 exhibit the appearance of 
a triangular prism, before and after fracture ; two pyramids, 
formed as usual, with their bases at the ends, and the vertices 
towards the centre, have thrown out the angular parts. The 
parts, so separated, have in prisms of every form a general 
resemblance, and the form of the pyramidal wedge has con- 
siderable interest, as it is that of least resistance in cast iron, 
and furnishes hints as to the best forms of cutters for that 
metal. Further investigations upon the subject of this article, 
of a theoretical nature, will be given on a future occasion. 

22. The mode of fracture is the same, and the strength of 
the specimen very little diminished, by any increase of its 
height, whilst its lateral dimensions are the same, provided 
the height be greater than the diameter, when the body is a 
cylinder, but not greater, in cast iron, than four or five times 
the diameter, or least lateral dimension in specimens not 
cylindrical. If the length be greater than this, the body 
bends with the pressure, and though it may break by sliding 
off as before, the strength is much decreased. In cases 
where the length is much greater than as above, the body 
breaks across, as if bent by a transverse pressure. 

23. The preceding Table was formed by taking the means 
from results on the resistance to crushing of specimens of 
equal size in Carron Iron, No. 2, one Table being on hot 
blast iron, and the other cold ; the mean from the results 
being given here in one Table, in preference to the two 
Tables at large, as in the volume of the Association ; since 
most of the results thus obtained are means from several ex- 
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periments ; and there was very little diflference in the strength 
of the hot and cold blast iron of this description to resist 
crushing. 

24. Comparing the results in the diCFerent vertical columns 
of the Table, it appears that the strength of the specimens 
was nearly as the area of their transverse section. Thus the 
cylinders ^ inch in diameter bore nearly four times as much 
as those of J inch. The falling oflF from this proportion in 
the strength of some of the larger specimens, I attribute to 
those having been cut out of larger (and consequently softer) 
masses of the iron than the small specimens. 

25. To obtain further evidence on the matter I crushed in 
the same manner twelve right cylinders of Teak-wood, ^ inch, 
1 inch, and 2 inches diameter, four of each, the latter eight 
out of the same piece of wood ; the height in each case was 
double the diameter. The pressure was in the direction of 
the fibres. The strengths were as below. 

Cylinders Cylinders Cylinders 

1 inch diameter. 1 inch diameter. 2 inches diameter. 

2isS5 ) 10507 ) 88909 ] 

25431 mean 9499 ( mean 39721 ( mean 

2548 ( 2489 lbs. 10507 ( 10171 the. 41294 ( 40304 lbs. 

2385 ) 10171 ) 41294 ) 

26. The mean crushing weights above are nearly as 25, 
100, and 400, which is the ratio of the areas of the sections 
of the cylinders. The strengths are therefore as the areas, 
though these vary as 4 and 16 to 1. 

27. In this and every other kind of timber, like as in iron 
and crystalline bodies generally, crushing takes place by 
wedges sliding off in angles with their base, which may be 
considered constant in the same material : hence the strength 
to resist crushing will be as the area of fracture, and con- 
sequently as the direct transverse area; since the area of 
fracture would, in the same material, always be equal to the 
direct transverse area, multipKed by a constant quantity. 

28. In estimating the resistance, per square inch, of the 
iron above to a crushing force, I shall .mostly confine myself 
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to such specimens as vary in height from about the length of 
the wedge, which would slide oflF to twice its length, — say, 
such as have their height from 1-^ to 3 times the diameter, — 
thus avoiding the results from prisms which, through their 
shortness, could not break by a wedge sliding off at its 
proper angle, and therefore must offer an increased resis- 
tance ; and those whose extra length would enable them to 
bend before sliding off, and thus have their strength reduced. 
1 shall here take the results from my experiments upon the 
hot and cold blast iron separately, that the difference may be 
seen ; the iron being of the same materials in the two cases, 
and affected only by the heat of the blast used in its 
preparation. 

The results are in the following Tables. 

29. Retistomee of Hoi BUud Iron {CaiTon, No. 2) to a crushing foree. 



Dimensions of base of 
specimen. 



Right cylinder, | 
diameter i inch . . ( 

8 n ' • 

9 t> • • 

41= M . 

Right prism, ) 
area '50 x '50 in. . ,) 

Ditto area 1-00 x -26 






Number of 
experiments 
denved trom.. 



4 
5 
1 



Mean 

crushing 

weight. 



Jts. 
6,426 

14,542 
22,110 
85,888 

25,104 
26,276 



Moan crushing 

weight per 

square iiich. 



lbs. 

180^909 

131,665 
112,605 
111,560 

100,416 
101,062 



General mean per 
square inch. 



From the cylinders 
121,685 R>a =54 
tons 64 cwts. 



] From the prisms 
( 100,739 lbs. = 44 

) tODB 194 cwts. 



Mean per aq. in. from the whole of the experiments, 114,703 lbs. = 51 tons 4 cwts. 

• II ■■■■■■ ■ ■ . ■ - ■ . I ,. „ I _._ .... . — ■ ■ 



80. Hesistance of Cold Blasi Iron {OarroUf No. 2) to a crudUng force. 



Dimensiona of base of 
specimen. 



Right cylinder, dia- ) 
meter i inch , . ( 

n 



Number of 
experiments 
denved Arom. 


Mean 

crushing 
weight. 




lbs. 


2 


6,088 


4 

7 


14,190 
24,290 


2 


15,869 


2 


32,398 


2 


24,538 


3 


26,237 



Mean crushing 

weight per 

square inch* 



S>s. 
124,023 

128,478 
123,708 

96,684 



'45 „ and 

•75 high . . , 
Equilateral triangle. 

Bide '866 inch . 
Square, area '50 x 

*50 inch . . . 
Rectangle, area 

l'OOx-243 . .5 

per sq. in. ttom the whole of the experiments, 111,248 Ihs. ^49 tons 18} owts 



99,769 

98,152 

107,971 



Oeneral mean par 
square inch. 



From the cylinders 
118,211 tbs. = 52 
tons 15i cwts. 



From the prisms 
101,964 ns. :== 45 
tons lOi cwts. 
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81. Comparing the results in these two Tables, it will be 
seen, as has been mentioned before, that the Carron Iron, 
No. 2, offers but little difference of resistance to a crushing 
force, whether the iron be prepared with a hot or a cold 
blast. The falling off in the resistance per square inch in the 
latter class of experiments, in each Table, compared with the 
former, has been attempted to be accounted for by the iron 
out of which the larger specimens were cut being softer and 
weaker than the thin cylinders out of which the smaller 
specimens were obtained. 

32. The resistances of other species of cast iron to a 
crushing force, obtained in the same manner as above, are as 
in the following Table. 







Number of 








Description of Iron. 


Form of 
spocimon. 


oxperi- 
menta de- 


If ean strength per nqnaro inch. 








rived fkom. 














Sm. tons. cwte. 






Devon (Scotch) iron, 
No. 8, hot bloat . . 


Cylmder. 


4 


145,435 » 64 18( 






Buffory (near Binning- 1 






• 






ham) iron. No. 1, hot > 


Do. 


4 


86,397=38 llj 






blaat .) 












Do., cold bhist 


Do. 


4 


98,385 ==41 18i 






Coed-Talon (Welsh) ) 
iron, No. 2, hot blast ) 


Do. 


4 


82,784=36 184 






Do., oold blast 


Do. 


4 


81,770=36 10 






Carron (Scotch) iron, ) 
No. 2, hot blast . . \ 


Cylinders and 
prisms. 


18 


114,703 = 51 4 






Do., cold blast 


Do. 


22 


111,248=49 13i 






Carron iron, No. 8, hot 
blast 


Prisms. 


8 


133,440=59 Hi 






Do., cold blast 


Do. 


4 


115,442=51 10} 






Low Moor (Yorkshire) ) 
iron. No. 3, cold> 
blast . • .) 


Cylinder. 
Rectangle. 

Cylinders '508 


8 
2 


115 911) "'••°' ***"*• 
108:6921 1<^»'801=49 


CWtB. 

H 




Mixture of iron, same as 


and '9 inch. 


[ ^ 


100,049 ) 






in my experiments on 


diameter, 8 of 






the strength of beams 


each. 


1 


[ 110,908 = 49 


lOJ 




(see note to Ari 5). 

. . . — 1 


Rectangles out 
out of a beam. 


1 ^ 


121,767 ) 







33. The ratios of the forces necessary to crush and tear 
equal masses of cast iron may now be obtained ; the experi- 
ments of which I have given the results, in this and the 
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preceding article, will supply those ratios which are in the 
following Table. 



Description of Metal. 


Cnuhing 

force per 

squure inch 

in ]b8. 


Tensile 

force per 

square inch 

in lbs. 


Batio. 


Devon iron, Ko. 3, hot blaat . 

Buffery iron, No. 1, hot blast . . . 

Do. No. 1, cold blast 
Coed-Talon iron, No. 2, hot blast . . 

Do. No. 2, cold blast . 
Carron iron, No. 2, hot blast . . . 

Do. No. 2, cold blast. 

Do. No. 3, hot blast . . . 

Do. No. 3, cold blast . 
Low Moor iron, No. 3, cold blast . . 
Mixture of iron used in my experiments ) 
on beams (art. 5-7) . • • ( 

• 


145,485 

86,397 

93,885 

82,734 

81,770 

114,703 

111,248 

183,440 

115,442 

109,801 

110,908 


21,907 
13,434 
17,466 
16,676 
18,855 
13,505 
16,683 
17,755 
14,200 
14,535 

17,136 


6-638 :l^ 
6-431 : 1 
5-346 : 1 
4-961 : 1 
4-337 : 1 
8-498 : 1 
6-668 : 1 
7-615 : 1 
8-129 : 1 
7-554 : 1 

6-472 :lJ 


• • 

o» 

CD 



34. From this Table it appears that cast iron requires from 
4*337 to 8*493 times as much force to crush it as to tear it 
asunder, the mean being 6*595. I conceive, however, this 
mean to be too low ; it would have been between 7 and 8 if 
the prisms which were crushed had been cut out of the same 
masses as those which were torn asunder ; but they wete in 
many instances out of larger castings, which, being softer, 
offered less resistance. 



STRENGTH OF LONG PILLARS. 

35. I shall here consider such pillars as are too long to 
break by sliding off, as in the last article. This class will 
include all such as are usually made of iron or timber, the 
lengths of the shortest of which are generally many times 
their lateral dimensions ; and it has been remarked before, 
that in some cases right cylinders of cast iron, whose length 
did not exceed 5 times the diameter, became bent under a 
direct force of compression, so as to break nearly straight 
across in the manner of longer columns. 

The acknowledged want of practical information upon this 
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subject,* and its great importance, made me anxious to 
undertake an extensive series of experiments upon it, such as 
would confirm or show the error of existing theories, and give 
such information as;would be of real service to the engineer 
and architect, whilst they tended to unfold the laws that 
regulate the strength of pillars. This wish was, as on other 
occasions, cheerfully responded to by my friend William 
Fairbaim, Esq., at whose expense the extensive series of 
experiments, of which the following is an abstract! was 
made. 

36. In the original Paper the experiments are contained in 
thirteen Tables,} as below. 



Cast Iron. 



Table I. Solid uniform cylindrical pillars, with ronnded ends (fig. 23) 
IL Do., with flat ends (iig. 26) 

III. Solid uniform square pillcurs, with rounded ends (fig. 28.) 

IV. Solid uniform cylindrical pillars, with discs (fig. 27) . 
V. Do., with ends rounded (fig. 28), rounded and flat (fig. 24), and 

both ends flat (fig. 26) 

VI. Solid cylindrical pillars, enlarged middle, rounded ends (fig 

VII. Do., do., discs on ends (fig. 82) 

VIII. Hollow unifoim cylinders, rounded ends (fig. 86) 

IX. Do., with flat ends (fig. S7) 

X. Short hollow uniform cylinders, with flat ends (6g. 37) 

XL Pillars, hollow and solid, of yarious forms, and different modes of 

fixing (figs. 33, 34, 35, 88, 39) 



No. of 

£xp«rimeDt8. 

55 

65 

7 

12 



31) 



23 
7 

4 

19 
11 
13 

10 



Wbotjoht Ibon and Stxxl. 
XII. Solid uniform oylindiical pillars of those metals (figs. 23, 24, 25, 

26,27) 30 



Wood. 

XIII. Pillars of oak and red deal, square and other rectangular forms 
(figs. 28, 29, 30, Ac.) 



21 



Kumber of experiments 277 



* Dr. Robison (Mechanical Philosophy, toI. i.) and Mr. Barlow (Report to the 
British Association) haye strongly expressed their opinion of our want of information 
upon it ; and the British Association haye mentioned such experiments as among the 
desiderata of Practical Science. 

t See Experimental Researches on the Strength of Pillars of Cast Iron and other 
Materials.— Phil. Trans, of the Royal Society, Part II. 1840. 

t Abstracts of Tables I., II., VIII., IX., X., are given in the present work. 

R 
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37. The drawing, Plate II. fig. 40, will show how the 
experiments were made. The pillars were placed vertically, 
resting upon a flat smooth plate of hardened steel, laid upon 
a cast iron shelf, E, made very strong, and lying horizontally. 
The pressure was communicated to the upper end of the 
pillar by means of the lever, A B, acting upon a bolt, C, of 
hardened steel, 2-j^ inches diameter, and about a foot long, 
kept vertical by being made to pass through a hole bored in 
a deep mass, D, of cast iron, the hole being so turned as just 
to let the bolt slide easily through without lateral play. The 
top of the bolt was hemispherical, that the pressure from the 
lever might act through the axis of it ; and the bottom was 
turned flat to rest upon the pillar, I K. The bottom of this 
bolt, and the shelf on which the pillar stood, were necessarily 
kept parallel to each other ; for the mass through which the 
bolt passed, and that on which the shelf rested, were parts of 
the same large case, D F G, of iron, cast in one piece, and so 
formed as to admit shelves at various heights for breaking 
pillars of different lengths. The case had three of its four 
sides closed ; circular apertures were, however, made through 
them, that the experimenter might observe the pillar without 
danger. 

38. With a view to develope the laws connecting the 
strength of cast iron pillars with their dimensions, they were 
broken of various lengths, from 5 feet to 1 inch, and their 
diameters varied from ^ an inch to 2 inches in soUd pillars ; 
and in hollow ones the length was increased to 7 feet 6 inches, 
and the diameter to 3^ inches. My first object was to supply 
the deficiencies of Euler's theory of the strength of pillars 
(Academic de Berlin, 1757,) if it should appear capable of 
being rendered practically useful ; and if not, to endeavour to 
adapt the experiments so as to lead to useful conclusions. 
As the results of the experiments were intended to be com- 
pared together, it was desirable that all the pillars of cast iron 
should be from one species of metal; and the description 
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chosen was a Yorkshire iron, the Low Moor, No. 3, which is 
a good iron, not very hard, and di£Pers not widely from that 
called No. 2. The pillars were mostly made cylindrical, as 
that seemed a more convenient form in experiments of this 
kind than the square ;~ for square pillars do not bend or break 
in a direction parallel to their sides, but to their diagonals, 
nearly. The experiments in the first Table were made on 
soUd uniform pOlars rounded at the ends to render them 
capable of turning easily there, and that the force might be 
through the axis ; and in the second Table the pillars were 
uniform and cylindrical, as before, but had their ends flat and 
at right angles to the axis; so that the whole end of the 
pillar might be pressed upon, instead of the axis only, as in 
the last case ; thus rendering the pillar incapable of moving at 
the ends. In the fifth Table (art. 36) uniform pillars, with 
one end rounded and one flat, were used ; and to prove the 
constant connexion (in any particular material) between the 
results of these three kinds of pillars, all of equal dimensions, 
enters largely into the other Tables, which are occupied like- 
wise in inquiries into the strength of hollow cylindrical 
pillars, and others of different forms. 

39. RESULTS. 

1st. In all long pillars of the same dimensions, the 
resistance to fracture by flexure is about three times greater 
when the ends of the pillar are flat and firmly bedded, than 
when they are rounded and capable of turning.* 

2nd. The strength of a pillar, with one end round and the 
other flat, is the arithmetical paean between that of a pillar of 
the same dimensions with both ends rounded, and with both 
ends flat. Thus, of three cylindrical pillars, aU of the same 
length and diameter, the first having its ends rounded, the 

* Thia will bo seen by comparing tbe results from the longer pillars of equal size in 
Tables I. and IL, page 211, of which abstracts are given fm-ther on. 

B 2 
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second with one end rounded and one flat, and the third with 
both ends flat, the strengths are as 1, 2, 3, nearly.* 

3rd. A long uniform pillar, with its ends firmly fixed, 
whether by discs or otherwise, has the same power to resist 
breaking as a pillar of the same diameter, and half the length, 
with the ends rounded or turned so that the force would pass 
through the axis. 

The preceding properties were found to exist in long pillars 
of steel, wrought iron, and wood. 

4th. The experiments in Tables VI. and VII. (art. 36) 
show that some additional strength is given to a pillar by 
enlarging its diameter in the middle part ; this increase does 
not, however, appear to be more than ^th or -^th of the 
breaking weight. 

5th. The index of the power of the diameter, to which the 
strength of long pillars of cast iron, with rounded ends, is 
proportional, is 376, nearly; and 3*55 in those with flat 
ends ; as appeared from means between the results of a great 
number of experiments ; f ov the strength of both may be 
taken as following the 3*6 power of the diameter, nearly. 

6th. In cast iron pillars of the same thickness the strength 
is inversely proportional to the 1"7 power of the length, 
nearly .J 

40. Thus the strength of a solid pillar of that material, 
with rounded ends, the diameter of the pillar being d and the 
length /, is, as 



* This was proTod by Table Y., page 241, and the next conolusion was obtained by 
a like comparison of results. , 

t The pillars with rounded ends^ compared together, Taried in diameter (or side of 
square) firom i inch to 2 inches. There were seventeen of them, and the largest 
exponent of the diameter, to which the strength was in any case proportional, ia 
3'92S, and the smallest 3*425. The pillars with flat ends, and those with discs, com- 
pared as aboYO, were eleven, and their exponents varied from 8*922 to 8*412. 

X The exponent 1*7 for the strength, according to the inverse power of the length, 
is from experiments upon nineteen pillars, varying in length from 60*5 to 8*78 inches; 
the highest and lowest exponents being 1*914 and 1*424. 
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41. The breaking weights of solid cylindrical cast iron 
pillars, as appeared from the experiments, are nearly as below. 

In solid pillars with their ends rounded and moveable as 
above, fig. 23, 

Strength in toziB ^ 14'9 x -rjy. 

In solid pillars with their ends flat, and incapable of 
motion, fig. 26, 

Strength in tons =- 44*16 x yjy ,' 

where / is in feet, and d in inches. 

In hollow pillars nearly the same laws were found to 
obtain ; thus, if D and d be the external and internal 
diameters of a cast iron pillar, whose length is /, the strength 
of a hollow pillar of which the ends were moveable, fig. 36, 
(as in the connecting rod of a steam engine,) would be 
expressed by the formula below. 

strength in tons = 13 x j^ . 

In hollow pillars, whose ends are flat, and firmly fixed 
(fig. 37, &c.) by discs or otherwise, I found from the results 
of numerous experiments as before. 

Strength in tons = 44'8 x ^^ 

42. The co-efficients given above in the formulae for the 
strength of solid pillars were obtained as below : — The 14*9 
is the mean result from 18 pillars in Table I., art. 36, 
varying in length from 121 times the diameter down to 15 
times. The 44*16, for pillars with flat ends, is similarly 
obtained from 11 pillars in Table II., varying in length from 
78 to 25 times the diameter. Flat-ended pillars, shorter 
than 25 or 30 times the diameter, require a modification of 
the above rule for their strength; as I found them to be 
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crushed as well as bent by the pressure, and therefore to have 
their strength decreased: the mode I used in this case will be 
seen in arts. 45 to 51, further on. The co-efficients for the 
strength of hollow pillars were obtained in the same manner 
as those for solid ones ; the 13 is the mean obtained from 19 
experiments in Table VIII. upon hollow pillars, with rounded 
caps upon the ends, to make them moveable there like solid 
ones with rounded ends ; this number is too low, as some of 
the first hollow pillars were bad castings. The 44*3, for 
those with flat ends, was obtained from 11 pillars in Table 
IX. ; taking pillars only whose length was more than 25 times 
the external diameter, as in solid ones. 

The Tables from which these results were derived are 
given, slightly abridged, further on. The formulae for hollow 
pillars were obtained by adapting the results of Euler's theory 
to those of experiment, and were found to answer well when 
so altered. According to that theory the strength varies as 

— ^ (Poisson, M^canique, vol. i., 2nd edition, art. 315). 

43. As the above expressions for the strength of pillars 
contain fractional powers of the diameters and lengths, these 
may be taken from the Tables below ; the first Table com- 
prising the involved values in inches of most of the diameters 
in common use ; and the second those of the lengths in feet. 
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Table 1,— Powers of Diameten, 



1-0 »••: 

l-26*'«: 

1-5 »••! 

1-76": 

20 •••: 

21 »••: 

2-2 '■•: 

2'25»-»: 

2-3 ••«: 

2-4 

2-6 

2-6 

27 

2-75»-« 

2*8 »•« 

2-9 

80 

8-1 

8-2 « 

8-263-« 

8-3 »•• 

8-4 

8-5 

8-6 

8-7 

8-76« 

3-8 ••« 

8-9 »•• 

40 3-» 

41 M 
4-2 »•« 



84, 
34. 



34. 
3«: 
84. 



34: 
84: 

84. 



= 1 

> 2-2329 
r 4*3045 
6 7-4978 
= 12126 

> 14-454 
= 17-089 

> 18-529 
= 20-055 

: 28-8755 
= 27076 
'• 31-182 
= 35-720 
= 88-159 
: 40-716 
: 46199 
•• 52-196 
: 68-786 
: 65-848 
'. 69-628 
« 78-561 
c 81*908 
: 90-917 
: 100-62 
: 111-05 
: 116-55 
: 122-24 
: 184-28 
: 147-03 
: l'60-70 
175-26 



34: 
84, 

84, 
34, 



4-26»-«: 

4-8 *•«: 

4-4 

4-5 

4-6 

4-7 
4.7534 

4-8 ^ 

4.9 84 

5-0 »• 
5-1 »•• 

5-2 >« 
5-25»« 
5-8 »• 
5-4 »•« 
5-5 '•« 
5-6 *•• 
5-7 '•« 
5-75»< 
5-8 3-« 
5-9 
6-0 
6-1 
6-2 
6-26»-« 
6-8 " 
6-4 
6-5 
6-6 
6-7 " 
6-76»-« 



84: 
34. 
34: 
34. 



84: 
84, 

34: 



: 182-89 
: 190-76 
: 207-22 
: 224-68 
: 24818 
= 262-76 
= 272-96 
288-44 
: 305-28 
= 828*82 
= 852-58 
378-10 
= 391-36 
= 404-94 
= 438-13 
=462-71 
=498-72 
=526-20 
= 548-01 
: 660-20 
=595-75 
632-91 
671-72 
712-22 
738-] 1 
= 754-44 
= 798-45 
844-28 
891-99 
941*61 
967-15 



84. 
34. 
84: 
84: 
84. 



6-8 
6-9 
7-0 
7-1 
7-2 
7.2534 

7-3 »•« 

7*4 84 

7.5 34 

7-6 >• 
7-7 84 

7.7534 

7-8 »■« 

7.9 84 

8-0 *•« 
8-25»'« 
8-6 »•« 

8-76»'« 
9-0 a-> 

9-25''* 
9-5 '•« 
9-7S5-» 
10-0 ••« 
10-25»-« 
10-6 « 
10-75" 
11-0 »" 
ll-26"-« 
11-5 »•« 
11-75'* 
120 »-• 



: 993-19 

■■ 1046-8 

1102-4 

1160-2 

1220-1 

1250-9 

1282-2 

1846-6 

= 1418-8 

= 1482-8 

= 1553-7 

= 1690-8 

= 1627-6 

= 1704-0 

= 1782-9 

= 1991-7 

=2217-7 

=2461-7 

= 2724-4 

= 3006-85 

= 8309-8 

3634-3 

: 8981-07 

=4351-2 

= 4746-5 

= 6165-0 

= 6610-7 

= 6083-4 

= 6684-8 

= 7114-4 

=7674-5 



Table IL—PoiDers of Lengths, 



V7= 1 


91.7- 41.900 


171-'* 128-58 


2»-7« 8-2490 


10»-?= 60-119 


18»-"= 186-18 


8»-7= 6-4730 


IV'7= 58-934 


191-"= 149-24 


4»-"= 10-666 


12^-7= 68-829 


20»-7= 162-84 


6»-7= 16-426 


18»-7= 78-289 


21»-7= 176-92 


6»-'=21031 


14»-7= 88-801 


22»-7=: 191-48 


7»-'=27-382 


15»-7= 99-851 


28»-'= 206-61 


8i-7=84-297 


16»-7= 111-48 


241-7 s 222-00 



44. As an example, suppose it were required to find the 
strength of a hollow cylindrical cast iron pillar, 14 feet long, 
6*2 inches external diameter, and 4*1 inches internal; the 
pillar being flat, and well supported, at the ends. 

From the Tables we obtain 14^-^-88-801, 6-23-««=712-22, 

and 4'P.6«, 16070. Whence strength — 44-3 x 



D»-«— cP* 



117 
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45. The formulae above apply to all pillars whose length is 
not less than about 30 times the external diameter; for 
pillars shorter than this, it will be necessary to modify the 
formulae by other considerations, since in these shorter pillars 
the breaking weight is a considerable proportion of that 
necessary to crush the pillar, 

46. Thus, considering the pillar as having two functions, 
one to support the weight, and the other to resist flexure, 
it follows that when the material is incompressible (supposing 
such to exist), or when the pressure necessary to break the 
pillar is very small, on account of the greatness of its length 
compared with its lateral dimensions, then the strength of the 
whole transverse section of the pillar will be employed in 
resisting flexure ; when the breaking pressure is half of what 
would be required to crush the material, one half only of the 
strength may be considered as available for resistance to 
flexure, whilst the other half is employed to resist crushing ; 
and when, through the shortness of the pillar, the breaking 
weight is so great as to be nearly equal to the crushing force, 
we may consider that no part of the strength of the pillar is 
applied to resist flexure. 

47. This reasoning is supported by the results from a 
number of short pillars of various lengths, from 26 times the 
diameter down to twice the diameter. These pillars were 
reduced to about half the strength, as calculated by the 
preceding formulae, when the length was so small that the 
breaking weight was half of that which would crush the 
pillar ; and the results from short pillars of other lengths were 
in accordance with the preceding reasoning. (See Researches 
on the strength of pillars, &c., art. 39, Phil. Trans. 1840.) 

48. We may therefore separate these effects by taking, in 
imagination, from the pillar (by reducing its breadth, since 
the streng h is as the breadth,) as much as would support the 
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pressure, and considering the remainder as resisting flexure to 
the degrees indicated by the previous rules. 

49. Suppose, then, c to be the force which would crush the 
pillar without flexure; d the utmost pressure the pillar, as 
flexible, would bear to break it without being weakened by 
crushing (as was shown to take place with a certain pressure 
dependent on the material); 6 the breaking weight, as 
calculated by the preceding formulae for long pillars ; y the 
real breaking weight. 

Then supposing a portion of the pillar, equal to what 
would just be crushed by the pressure d, to be taken away, 
we have c-d=the crushing strength of the remaining part, 

and y^d the weight actually laid upon it. Whence ~^ = 

the part of this remaining portion of the pillar which has to 
resist crushing, 

the part to sustain flexure. 

50. But the strength of the pillar, if rectangular, may be 
supposed to be reduced, by reducing either its breadth, or the 
computed strength of the whole, to the degree indicated by 
the fraction last obtained. In circular pillars this mode is 
not strictly applicable ; but we obtain a near approximation 
to the breaking weight y, by reducing the calculated value of 
b in that proportion. 

Whence i^^^^—y, the strength of a short flexible 

pillar, d being that of a long one, .% b C''by=cy^dy, 

he 



and y 



b + c — d 



51. It was shown (Experimental Researches, art. 5-7) that 
cast iron pillars with flat ends uniformly bore about three 
times as much as those of the same dimensions with rounded 
ends; and this was found by experiment to apply to all 
pillars from 121 times the diameter down to 30 times* 
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62. In flat-ended cast iron pillars, shorter than this, there 
was observed to be a falling off in the strength; and the same 
was found to be the case in pillars of other materials, on 
which many experiments were made, to ascertain whether the 
results previously mentioned, as obtained from the cast iron 
pillars, were general. The cause of the shorter pillars falling 
off in strength, as mentioned above, was rendered very 
probable by the experiments upon wrought iron ; for in that 
metal a pressure of from 10 to 12 tons per square inch pro- 
duced a permanent change in, and reduced the length of 
short cylinders, subjected to it, (art. 60 of Paper above ;) 
and about the same pressure per square inch of section, when 
required to break by flexure a wrought iron pillar with flat 
ends, produced a similar falling off' in strength to that which 
was experienced when a weight per square inch, not widely 
different from this, was required to break a cast iron pillar 
with flat ends. The fact of cast iron pillars sustaining a 
marked diminution of their breaking strength by a weight 
nearly the same as that which produced incipient crushing in 
wrought iron, and a falling off in the strength of wrought iron 
pillars, rendered it extremely probable that the same cause 
(incipient crushing or derangement of the parts) produced the 
same change in both these species of iron. 

53. The pressure which produced the change mentioned 
above in the breaking of cast iron pillars was about ^th of that 
which crushed the material, as given from the experiments 
upon the metal there used. I shall therefore assume here, as 
I did there, that one-fourth of the crushing-weight is as great 
a pressure as these cast iron pillars could be loaded with, 
without their ultimate strength being decreased by incipient 
crushing ; and it was there shown that the length of such a 
pillar, if solid and with flat ends, would be about 30 times its 
diameter. 

54. We shall have, therefore, ^=i, in the preceding 
formula 
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* b + c-d' 

whence in cast iron of the kind used, (Low Moor, No. 3,) 



y- 



hc 



6 + i£ 



55. To find the force necessary to crush a square inch of 
the iron mentioned above, in order that the vahie of c, which 
is that which would crush the whole pillar if inflexible, might 
be computed, I made (art. 55 of the Paper before referred to) 
experiments upon it, both upon cyUnders and rectangles; and 
the mean strength from five of the results gave, per square 
inch, 109,801 fts.=49018 tons. 

56. The value oiy above is compounded of two quantities, 6 
the strength as obtained from one of the formulae for long 
flexible pillars (art. 41 of the present Work), and c the 
crushing force. 

57. The following Table, which gives the dimensions and 
breaking weights of eleven short solid pillars with flat ends, 
together with the calculated values of 6, c, and y, will show 
what degree of approximation the calculated strength bears to 
the real. 

Here b the strength in ibs. (arts 39 and 41), 
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58. SKort solid pillars flat at the ends, Jig. 26. 



Diameter 
of pillar. 


Length of pillar. 


Value 
of 6. 


Value 
of c. 


Breaking 
weight. 


Calculated break- 
ing weight from 
the formula 
be 


tncbe& 
•50 


ft. inches. 
1008 = 12-1 


lbs. 
8827 


IbR. 

21559 


lbs. 
7195 


lbs. 
7828 


•50 


•840 ==10 088 


11353 


21559 


8931 


8872 


•50 


•680- 7-5625 


18515 


21559 


11255 


11508 


•50 


•815= 8-7812 


60155 


21559 


17468 


16992 


•777 


1^681-20^166 


16718 


52064 


15581 


15604 


•775 


1-260 = 15-125 


27005 


61797 


21059 


21241 


•785 


1-008 = 121 


41300 


53142 


24287 


27043 


•768 


•840=10-088 


52096 


50865 


25923 


29368 


•777 


•630= 7-5625 


88547 


52064 


82007 


36130 


1-022 


1-681=20-1666 


44218 


90074 


31804 


85631 


1000 


1-260 =15-125 


66746 


86238 


40250 


43797 
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59. The next Table (abridged from Table X., art. 36) 
contains the dimensions of thirteen short hollow cylinders of 
the same iron, together with their real and calculated breaking 
weights, for comparison as before. Here, as before, the ends 
are flat, and the lengths less than 30 times the external 
diameter. 
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Some of these pillars broke into many pieces ; several of 
them were bored inside, and turned on the outside. They 
were, with the two exceptions named, very good castings. 
By the ratio T : C is to be understood the depth of the part 
extended to that compressed in the section of fracture. ' By 
the value of b is to be understood the breaking weight, as 
calculated from the formula 

6 =^9931 8 i- ry, , 

for the strength of long hollow pillars in fts., which is given, 
somewhat abridged, in art. 41. 

It will be observed that the calculated strengths agree 
moderately well with the real ones in both of the preceding 
Tables, showing that the resistance to crushing is an element 
of the strength of short flexible pillars at least. 



COMPARATIVE STRENGTH OF LONG SIMILAR PILLARS. 

■ 

61. It has been stated (art. 39, results 5 and 6) that the 
strength of solid pillars vrith rounded ends varied ^-^, and 
that of those with flat ends as^^rr . This was when the former 

pillars were not shorter than about 15, nor the latter than 
about 30 times the diameter. 

62. In the research for the above numbers, I was led to 
conclude that, if the material had been incompressible, the 
3*76 and 3*55 would each have become 4, and the 1'7 have 
been 2 (see arts. 24 and 33 of the Paper above referred to). 

In that case the strength would have varied as ^,\ which is the 

ratio of the strength of pillars according to the theory of 
Euler ; which theory was intended to apply to the power of 
pillars to resist incipient flexure, whilst my inquiry was as to 
the breaking strength. In similar pillars the length is to the 
diameter in a constant ratio: calling then the length n dy 
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where ;^ is a constant quantity, we have, in these different 
cases, the strength as 

^7 X di?' irJ^'i'd^'7' n*^»* 

Dividing, these become 

63. In the first of these cases the strength varies as a 
power of the diameter somewhat higher than the square ; in 
the second somewhat lower ; and in the third, as the square. 
We may therefore conclude, that in similar pillars the strength 
is nearly as the square of the diameter, or of any other linear 
dimension ; and as the area of the section is as the square of 
the diameter, the strength is nearly as the area of the 
transverse section. 

64. In deducing the conclusion in the last article, Euler 
remarks that if of two similar pillars of the same material, one 
be double the linear dimensions of the other, the larger will 
but bear four times as much as the smaller, though its weight 
is eight times as great. Berlin Memoirs, 1757. 

65. The following Table, containing the results from such 
of my experiments on solid uniform cylindrical pillars as were 
from models similar in form, will show how far the above 
conclusions agree with the results of experiments. 
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Diameters of 
pillars compared. 


Length of 
piUars com- 
pared. 


Breaking 

weiffht of 

pllluv. 


Powers of the dimensions 

to which the breaking 
weights are proportioiuu. 


1 


inch, 
f -497 
•99 


inches. 
7-5625 
15125 


lbs. 
5262 
19752 


1-908 ^ 




withrou 
ends. 


•76 
1-52 


16-125 
30^25 


9223 
82631 


1-819 




fk 


•99 
Ll-97 


30-25 
60-5 


6105 
25403 


2-057 


• 

i 

1 




r '51 
1-56 


. 20-166 
60-5 


8830 
28962 


1-841 


Pillars with flat 
ends. 


•50 
•997 

•61 
1-02 


80-25 
60'6 

16126 
80-26 


1662 
6238 

6764 
21844 


1-9081 
1-6918 


1 




•50 
11^022 


10*088 
20-166 


8981 
31804 


1-8328 





66. In the preceding Table, the pillars being from similar 
models were assumed to be similar, notwithstanding slight 
deviations in the measures. It appears that the power of the 
lineal dimensions, according to which their strengths vary, is 
somewhat lower than the second. 



67- If long pillars be so formed as to resist being crushed 
by the breaking weight, as has been mentioned before, they 
will be simOar. 

We have seen (art. 52-3) that when pillars require a force 
to break them by flexure, which exceeds a certain portion of 
the force which would crush them, if they were not flexible, 
the pillar sustains a considerable diminution in its power of 
resistance to flexure in consequence of a partial crushing, or 
cripphng of the material. Suppose cd^ =. the crushing force 
of the pillar {d being the diameter), or that pressure which 
would cause rupture in it, if it were too short to break by 
flexure ; and n c d^ that part of this pressure which is the 
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utmost it would, as flexible, sustain without apparent 
crippling or crushing. Then, since the strength in flbs. to 
resist fracture by flexure in pillars, with both ends rounded 

and both flat, was 33379 -^^ and 98922 jr, respectively, as 

appeared from my experiments, / being in feet and d in inches, 
we have these quantities each equal to nc c?^ in the cases 
where short pillars, which break by flexure, are bearing, at 
the time of fracture, the greatest weights they can sustain 
without any apparent crushing. Whence, in pillars with 
rounded ends. 



in pillars with flat ends, 



989.2^=,«..;...e = (?^)^x.-^. 



68. In the former of these cases, / varies somewhat faster 
than as the first power of the diameter, and in the second 
somewhat slower ; the two showing that, in the case of pillars 
equally loaded to resist crushing by the weight, the length to 
the diameter wUl be nearly in a constant ratio, or the pillars 
must be similar. 



ON THE STRENGTH OF PILLARS OF VARIOUS FORMS, AND 

DIFFERENT MODES OF FIXING. 

69. In hollow pillars of greater diameter at one end than 
the other, or in the middle than at the ends, as in Table XI, 
(art. 36), it was not found that any additional strength was 
obtained over that of uniform cylindrical pillars; on the other 
hand, the strength of these seemed to be the greater ; with 
respect to this, however, the conclusions were not very 
decisive. The result from the comparison is in agreement 
with what may be deduced from Euler's theoretical values of 

8 
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the strengths of uniform cylindrical solid pillars, and of those 
in the shape of a truncated cone (Berlin Memoirs, 1757) ; his 
formulse for these being 

These values are to one another, cateris paribus, as D* to 
D'^ E' ; where D is the diameter of the uniform pillar and 
D' E the diameters of the two ends of that in the form of a 
truncated cone. But if we compute the diameter of a 
uniform cylindrical pillar of the same length and solid content 
as one with unequal diameters, we shall find the uniform 
pillar stronger than the other, and the more so according as 
the inequality of the diameters of the latter is greater. 

70. The strength of a pillar in the form of a connecting 
rod of a steam engine was found to be very small ; indeed, 
less than half the strength that the same metal would have 
given if cast in the form of a uniform hollow cylinder. The 
ratio of the strength, according to my experiments, was 
17578 to 39645. 

71. A pillar irregularly fixed, so that the pressure would 
be in the direction of the diagonal, is reduced to one-third of 
its strength, the case being nearly similar to that of a pillar 
with rounded ends, the strength of which has been shown to 
be only ^rd or that of a pillar with flat ends.* 

72. Uniform pillars fixed at one end and moveable at the 
other, as in those flat at one end and rounded at the other, 
break at ^rd of the length (nearly) from the moveable end ; 
therefore, to economise the metal, they should be rendered 
stronger there than in other parts. 

73. Of rectangular pillars of timber it was proved experi- 

* Tredgold, art 288 of his Work on Caat Iroo^ and in his Treatise on Carpentiy, 
following the idea of Serlio in hia Architecture, recommenda ciroolar abutting joints, 
to lessen the effect of irregularity in the strains upon columns, from settlements and 
other causes ; but thi*, we see, is Toluntarily throwing away two-thirds of the full 
strength gf the material to prevent what may often be aTolded. 
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mentally that the pillar of greatest strength, where the length 
and quantity of material is the same, is a square. 



COMPARATITE STRENGTHS OF LONG PILLARS OF CAST IRON, 
WROUGHT IRON, STEEL, AND TIMBER. 

74. It results from the experiments upon pillars of the 
same dimensions, but different materials, that if we call the 
strength of cast iron 1000, we shall have for wrought iron 
1745, cast steel 2618, Dantzic oak 108'8, red deal 78-5. 
The numbers, all but the last, were obtained from the pillars 
with rounded ends, and the computations made by the rules 
used for cast iron. 



POWER OP PILLARS TO SUSTAIN LONG CONTINUED 

PRESSURE. 

75. In all the experiments of which an account has been 
given, the pillars were broken without any regard to time, 
and an experiment seldom lasted longer than from one to 
three hours. To determine, therefore, the effect of a load 
lying constantly upon a pillar, Mr. Fairbaim had at my 
suggestion four pillars cast of the same iron as before, and all 
of the same length and diameter; the length of each was 

6 feet, and the diameter 1 inch, and they were rounded at the 
ends. The first was loaded with 4 cwt., the second with 

7 cwt., the third with 10 cwt., and the fourth with 13 cwt. ; 
this last was loaded with ^ft^ of what had previously broken 
a pillar of the same dimensions, when the weight was 
carefully laid on without loss of time. The pillar loaded with 
13 cwt. bore the weight between five and six months and 
then broke ; that loaded with 10 cwt. is increasing slightly 
in flexure; the others, though a little bent, do not alter. 
They have now borne the loads three years. The deflexion 
of the first pillar is '01 inch, that of the second '025, and of 

8 2 
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the third -409. The deflexion of this last pillar, when first 
taken, was '230 ; and after each succeeding year it was "380, 
•380, and '409, as at present. 



EULER's theory op the strength •? PILLARS. 

76. It appeared from the researches of this great analyst, 
that a pillar of any given dimensions and description of 
material required a certain weight to bend it, even in the 
slightest degree ; and with less than this weight it would not 
be bent at all (Acad, de Berlin, 1757). Lagrange, in an 
elaborate essay in the same work, arrives at the same 
conclusion. The theory as deduced from this conclusion is 
very beautiful, and Poisson's exposition of it, in his 'Me- 
canique,' 2nd edition, vol. i., will well repay the labour of a 
perusal . 

77. I have many times sought, experimentally, with great 
care for the weight producing incipient flexure, according to 
the theory of Euler, but have hitherto been unsuccessful. 
So far as I can see, flexure commences with weights far below 
those with which piDars are usually loaded in practice. It 
seems to be produced by weights much smaller than are 
sufficient to render it capable of being measured. I am there- 
fore doubtful whether such a fixed point will ever be obtained, 
if indeed it exist. With respect to the conclusions of some 
writers, that flexure does not take place with less than about 
half the breaking weight ; this, I conceive, could only mean 
large and palpable flexure ; and it is not improbable that the 
writers were in some degree deceived from their having 
generally used specimens thicker, compared with their 
length, than have been usually employed in the present 
effort. 

Some results of the theory of Euler, as given by Poisson 
(Mecanique, vol. i. 2nd edit.), have been of great service in 
the course of the inquiry. 
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78. I will now give the leading results, abridged from four 
of the Tables of experiments on cast iron pillars, enumerated 
in art. 36, p. 241 ; and the reader who wishes for further 
information upon them, or upon those of wrought iron or 
timber, is respectfully refeiTed to tlie original paper in the 
Philosophical Transactions of the Royal Society, Part 11. 
1840. 
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The value of cT, obtained in the sixth column of the 
preceding Table, is the strength of ^ solid pillar, 1 inch 
diameter, and of the same length as those above. For, when 
the length is constant, the strength W varies as D'*'^^^^— ^'^^ 
(arts. 39 & 41) ; and therefore, to find cc, the strength of a 
solid pillar, 1 inch diameter and 7 feet 6f inches long, we 
have D3-7«-e?^76 . 13-76 . . ^ . ^^=_^^ The mean from 

the values of {c found in the Table above is 932'76ibs., and if 
this be multij)lied by F'^, where /=7'5625 feet (=7 feet 
6f inches), we obtain the strength in pounds of a soUd pillar, 
1 foot long and 1 inch diameter, rounded at the ends ; and 
this, divided by 2240, to reduce it into tons, is the co-efficient 
12*979, called 13, in the formula for the strength, 13 x 

-j^ — , (art. 41), where the index 3*6 is put as a mean 

between the 3*76 of pillars with rounded ends, and the 3*55 
of those with flat ends. The remarkc here made will apply to 
the values of w in the next Table. 



HOLLOW PILLARS 



at 



5-5 



m 






24t 






IP 

lit 










III 


miii 
ill III 

1 -.IHm 

ililil 
pifili 


iiifi 
ll Si. 


? 


? 


^ 1 


1 


1 




^ 1 




1 


ttJ 


^il|iiii 


ill i 


ilii 


1 

• i 


■SSSSSSSS 


„„„i|. 


1???? 




!■§ 


■s 


aa in Eiperiment 1 of the 

preceding Table. 
Eitemal diameter, 1-78 
Internal do. 1-21 
Length of cylinder, 7 ft. IJ in. 
Weight {length 7ft. 61 in.) 31 Ha 


CyUnder some aa No. 2 in pre- 
ceding Table. 
Eiternal diameter, 174 
Internal do. 1-187 
Length of cylinder, 7R.4Jin. 
Weight of cylinder considered 

SOI tbe. 


11 

Ss 


JO MqrariN 


- 


. 


" 



WITH FLAT ENDS. 



in 

in 

i 

■ s 1 


1 

If 


p 

I 

II 

J'a 

II 


Itiiii 


11 

1 


ill 

iliil. 

iilf! 
iiiiii 


•: 


- 


2 


■o 


« 


? 


i 




i 


§ 


1 


i 


1 

Hi 


i 

II 

1* 

If 


ill 


ijit 


as 1 
pi 

llfl 


i 

F 1 
lift 


, i» 


. 


- 


" 



HOLLOW PILLARS. 



mm 

Ififti 



S-4" 



iili-r 

a alii 



■i ^35 1 1 

Sl-2 »■**•« 



-3^" 






till 



ill* 









TRANSVERSE STRENGTH. 277 



TRANSVERSE STRENGTH. 

79. The transverse strain is that to which cast iron and 
some other materials are most frequently subjected, and 
therefore experiments have been oftener made that way than 
any other. Still, as regards cast iron, whose uses are 
multiplying every day, the knowledge of the practical man 
has hitherto been far from equalling his wants; and 
accordingly various eflForts have lately been made, and 
doubtless 'vvill continue to be made, to obtain extra informa- 
tion upon so important a subject. 

I will give an account of some of these, the objects of 
which are as below. 

1st. To ascertain what alteration takes place in bars of cast 
iron subjected to long-continued strains. 

2nd. To determine the eflFects of changes in the temperature 
of bars upon their strength. 

3rd. To inquire into the elasticity and strength of cast iron 
bars, under ordinary circumstances, the time when the 
former becomes impaired, and the erroneous conclusions that 
have been deduced from it. 

4th. To find the best forms of beams, and the strength of 
beams of particular forms. 



80. LONG-CONTINUED PRESSURE UPON BARS OR BEAMS. 

To ascertain how far cast iron beams might be trusted 
with loads permanently laid upon them, Mr. Fairbairn made 
the following experiments. — (Report on the Strength of Cast 
Iron, obtained from the Hot and Cold Blasts, vol. vi. of the 
British Association). 

He took bars both of cold and hot blast iron (Coed Talon, 
No. 2), each 5 feet long, and cast from a model 1 inch square; 
and having loaded them in the middle with different weights. 
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with their ends supported on props 4 feet 6 inches asunder, 
they were left in this position to determine how long they 
would sustain the loads without breaking- They bore the 
weights, with one exception, upwards of five years, with 
small increase of deflexion, though some of them were loaded 
nearly to the breaking point. Since that time, however, less 
care has )been taken to protect them from accident, and three 
others have been found broken. They are carefully examined 
and have their deflexions taken occasionally, which are set 
down in the following Table, which contains the exact 
dimensions of the bars, with the load upon each. These 
experiments were undertaken by Mr. Fairbaim at my 
suggestion, as I was led to conceive, from experiments I had 
made in a different way upon malleable iron, that time would 
have little effect in destroying the power of beams to bear a 
dead weight. 



LONG-CONTINUED PRES3UHE. 





S3^ 




pi fill 




■08[I.I«qjoiBi™uB 


1 
1 

■1 

1 


jsSsSSil ;r: Isjs sSil: 3 i 


1 

1 




iiiii!| 


1 




Is 
11 


sll seIe sII Is!! ??"* 1 1 




W-I «qjoqid>a 


Is! ?!?! ill Ills !ll!l 1 1 


1 

1 

1' 


-OM-I JKUoqjdBa 


1 

1 

1 

1 


n III! iii nil lllli 1 1 


-OtO-T «q JO rmta^ 

■oeo-i .i»qjoH«iBa 

■ooi! 1"iq PKl 
-Eln3a.H«Siia 


il sill III iiii Mii 1 i 


■& 
e 

1 


■010.1 -nxiPqipTOJff 
MO- 1 ^qjoiiiOsa 


i 
II 

1 

Is 


1-0*3 
1-06* 

1-078 
1-082 
1-086 
1-083 

1-088 

1-091 
1-107 

1-083 
110* 
1-102 

1-102 

1-10* 
1-116 

1-112 
1-115 
1-115 

1-115 


■noii^iqjiuci 


11 im m iPi mn i 



280 EFFECTS OF TEMPERATURE. 

82. Looking at the results of these experiments, and the 
note upon the first and fourth, it appears that the deflexion in 
each of the beams increased considerably for the first twelve 
or fifteen months ; after which time there has been, usually, 
a smaller increase in their deflexions, though fi'om four to five 
years have elapsed. The beam in Experiment 8, which was 
loaded nearest to its breaking weight, and which would have 
been broken by a few additional pounds laid on at first, had 
not, perhaps, up to the time of its fracture, a greater deflexion 
than it had three or four years before ; and the change in 
deflexion in Experiment 1, where the load is less than f rds of 
the breaking weight, seems to have been almost as great as in 
any other; rendering it not improbable that the deflexion will, 
in each beam, go on increasing till it become a certain 
quantity, beyond which, as in that of experiment 8, it will 
increase no longer, but remain stationary. The unfortunate 
fracture of this last beam, probably through accident, has left 
this conclusion in doubt. 

83. These important experiments show that cast iron may 
be trusted with permanent loads far greater than has 
previously been expected ; it having been generally admitted 
that about i^rd of the breaking weight was as far as it was 
safe to load a beam with in practice. It was conceived that a 
load greater than this would break the beam or other body in 
time, since the elasticity was thought to be injured with about 
this weight; and it was accounted unsafe to load a body 
beyond its elastic force (see arts. 70, 71, Part I. of this 
volume). 



EPPECTS OF TEMPERATURE UPON THE STRENGTH OF 

CAST IRON. 

84. Mr. Fairbaim gave, in the report previously referred 
to, the results of several experiments to determine how far the 
strength of cast iron bearers is influenced by such changes of 
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temperature as they are occasionally subjected to. He had a 
number of bars cast, of Coed Talon Iron, Nos. 2 and 3, part 
of them being of iron made with a heated blast, and part 
with cold. These bars were from models 1 inch square and 
2 feet 6 inches long. They were laid on supports 2 feet 3 
inches asunder, and broken by weights hung at the middle. 
The experiments were made in winter. Some bars were 
broken in the open air ; some when immersed in frozen water 
or covered with snow ; some in melted lead ; and others when 
heated red hot. The results are in the following Table, the 
first column of which shows the temperature under which the 
experiments were made ; the second and third columns give 
the breaking weights of the bars in pounds, when reduced by 
calculation to exactly 1 inch square ; and the fourth column 
gives the ratio of the strengths of the cold and hot blast irons 
in the two preceding columns. 



Temperataro, 


Coed Talon, 


Coed Talon, 


Ratio of the strengths 


Fahrenheit. 


cold blast. 


hot blast. 


ofthe two irons. 




No. 2 Iron. 


No. 2 Iron. 






lbs. 


fi>a. 




16' 




800*8 




26' 


861-0 


8231 


1000: 967-2 




mean 


moan 




32' 


^^^''^l 949-6 


^^^•^ 919-7 
906-0 ^^^ ^ 


1000: 977-6 


190' 


748-1 


823-6 


1000 : 1108-8 


Red in the dark 


728-1 


829-7 




Perceptibly red ) 
in daylight ) 


668'3 












No. 3 Iron. 


No. 8 Iron. 






mean 






212' 


943-6 5 ^^^^ 


818-4 

mean 


1000: 885-4 


600' 


n5?-*o 1 i^»8-i 


^84-1 075.0 
917-5} ^^^^ 


1000: 847-r 



85. It would appear from these experiments, though the 
results are somewhat anomalous, that the strength of cast iron 
is not reduced when its temperature is raised to 600°, which 
is nearly that of melting lead ; and it does not differ very 
widely whatever the temperature may be, provided the bar be 
not heated so as to be red hot. 
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ON THE STRENGTH OF CAST IRON BARS OR BEAMS UNDER 
ORDINARY CIRCUMSTANCES, — ^THE TIME WHEN THE ELAS- 
TICITY BECOMES IMPAIRED, — AND THE ERRONEOUS CONCLU- 
SIONS THAT HAVE BEEN DERIVED FROM A MISTAKE AS TO 
THAT TIME. 

86. It is, as has been before observed, to ascertain the re- 
sistance of materials to a transverse strain, that the efPorts of 
experimenters have chiefly been directed : one reason for this 
seems to be the great facility' with which bodies can be 
broken this way comparatively with others, which require 
large weights, or complex machinery, and often considerable 
attention to theoretical requirements. 

The inquiry into the strengths of hot and cold blast cast 
iron, which I undertook, in conjunction with Mr. Fairbau-n, 
for the British Association, and whose results were inserted 
in the sixth volume of their Reports, induced me to make a 
number of experiments on the transverse strength of bars. 
In these experiments, most of which were made before 
Mr. Fairbairn's avocations enabled him to attend to the matter, 
I had a number of bars cast from models 5 feet long and 1 
inch square; and the castings were supported on props 4 
feet 6 inches asunder, and broken by weights suspended from 
the middle. These bars were made long and slender, in 
order that small variations in the elasticity might be rendered 
obvious. My earUest experiments upon the Carron Iron, and 
particularly those upon the Bufiery, convinced me that the 
elasticity of bars is injured much earlier than is generally sup- 
posed ; and that instead of it remaining perfect till one-third 
or upwards of the breaking weight was laid on, as is generally 
admitted by writers (Tredgold, art. 70, &c.), it was evident 
that -J^th or less produced in some cases a considerable set, or 
defect of elasticity; and judging from its slow increase 
afterwards, I was persuaded that it had not come on by any 



DEFECT OF ELASTICITY, 288 

sudden change, but had existed, though in a less degree, from 
a very early period. I mentioned the fact and my convic- 
tions some time afterwards to Mr. Fairbaim, and, after 
examining the matter with more attention than before, 
expressed a desire to have bars cast of a greater length than 
the preceding ones, to render the defect more obvious. I had, 
therefore, two bars of Carron Iron, No. 2, hot blast, cast from 
the same model, each 7 feet long ; they were uniform through- 
out, and the form of the section of ^ e . 



each was as in the figure. They were 
laid on supports, 6 feet 6 inches 
asunder, and broken by weights suspended from the middle ; 
the former with the rib downward, in which experiment the 
flexure would be, almost wholly, owing to the extension of 
that rib ; and the latter with the rib upward, in which the 
flexure would be owing to the compression of the rib. In 
both of these bars, the dimensions of the parallelogram A B 
was the same, = 5x-30 = l*50 square inches, the thickness 
being '30 inch. In the former of these cases, CD = 1*55, 
and D E (which may represent the uniform thickness of the 
rib DF) = -3flt inch. In the latter casting 00 = 1*56, and 
D E = *365 inch. The results are as follow. 
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In the first of these experiments, it will be seen that the 
elasticity was sensibly injured with 7 ibs., and in the latter 
with 14ibs. ; the breaking weights being 364fl)s. and 1120fbs. 
In the former of these cases a set was visible with 5^nd, and 
in the other with ^th of the breaking weight, showing that 
there is no weight, however small, that will not injure the 
elasticity. The ratio of the breaking weights in these two 
experiments was as 1 : 307 ; showing that a bar of this form 
was more than three times as strong one way up as the 
opposite way. 

87. The mode I used to observe when the elastic force 
became injured was as follows. When a bar was laid upon 
the supports for experiment, a " straight edge " was placed 
over it, the ends of which rested upon the bar directly over 
the points of support. These ends were shdes which enabled 
the straight edge to be raised or lowered at pleasure. In this 
manner it was easy to bring it down to touch in the slightest 
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degree a piece of wood tied upon the middle of the bar. A 
candle was then placed at the side of the bar, opposite to 
where the observer stood, by the light of which, distances 
extremely minute could be observed. 

88. The results from these experiments will enable us to 
see the mode by which Tredgold deduced the erroneous con- 
clusion, as to the high tensile strength of cast iron, adverted 
to in the note to art. 143, page 118 ; and which has produced 
an effect on many of the numerical conclusions throughout his 
work. 

The experiment (No. 2, art. 56), from which, and others, 
he infers that a cast iron bar, 1 inch square and 34 inches 
between the supports, will bear 300 lbs. on the middle, with- 
out injury to the elasticity, has not, I conceive, been examined 
in its progress with adequate care to form the basis of 
important conclusions. It is evident, from my experiments 
given above, that the elastic force was injured with much less 
weight than that which formed the set he first noticed in the 
beam. 

Tredgold calculated the direct tensile strength of the cast 
iron in these experiments, from the results of the transverse 
strength. He assumed in his calculations, that the position 
of the neutral line remains fixed, and in the middle of a 
rectangular or circular section, during the whole experiment ; 
and the resistance of a particle, at equal distances on each 
side of the neutral line, to be the same. 

From these principles he calculated that the most extended 
surface of the bar was supporting a tension of 15,800 ibs. per 
square inch, without the elasticity being injured. This 
number which is greater than was required to tear asunder 
the specimen in many of the preceding experiments (art. 3, 
Part II.), Tredgold adopts, throughout the work, 'as the 
direct tensile strength of cast iron, when not strained beyond 
the elastic force. 
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From these principles he calculates (art. 212 of his work) 
that the greatest extension which cast iron will bear without 
injury to its elastic force is r^(j4th part of its length. In art. 
70, he calculates the weights which would be required to 
destroy the elasticity of a number of cast iron bars, the 
breaking weights of which are severally given. He compares 
these weights, and concludes that a body requires about 
three times as much to break it as to destroy its elastic force. 
Hence he would conclude that the absolute strength, per 
square inch, of this iron, is 15,300 x 8 = 45,900 ibs. nearly, 
or more than 20 tons. Tredgold computes, in several cases, 
(arts. 72 to 76), the ultimate tensile strength of cast iron bars 
from the weights which broke them transversely. He found 
the strength to vary from 40,000 to 48,200 ibs. per square 
inch, the mean being 44,620 ibs., or nearly three times 
15,300, as mentioned above. 

My own experiments, which were made by tearing asunder 
25 castings, prepared with great care, from cast iron obtained 
from various parts of England, Scotland, and Wales, gave as 
a mean 16,505 ibs. = 7*37 tons per square inch; and in no 
case, except one, was the strength found to be more than 8^ 
tons per square inch (art. 3, page 229). 

89. According to the principles assumed by Tredgold (art. 
37 and 100), the position of the neutral line must remain 
unchanged during flexure by different weights ; but experi- 
ment shows that the neutral line shifts as the weights are 
increased ; and at the time of fracture it is frequently near to 
the concave side of the beam. This seldom can be dis- 
covered in fractures of beams by simple transverse pressure, 
but it may sometimes be discovered in those that have been 
broken by a blow, and then it will perhaps seem to have been 
at jth or ^th of the depth of a rectangular beam, as I have 
occasionally observed, the smaller part being compressed. 

90. From the experiments on the strength of cast iron 
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pillars (Tables I. and IL, art. 78) we get additional evidence 
upon this matter ; for in these the neutral line was frequently 
well defined ; and in the longest pillars, those which required 
the least weight to break them, the ratio T : C, which is that 
of the depths of the parts submitted to tension and com- 
pression, was, in diflFerent cases, 126 : 26, 145 : 36, 153 : 43, 
and 120 : 37. In two rectangular pillars, each 60^ inches 
long, and 1^ inches square, the area of the compressed part, 
was less than ^th of the whole section. In the pillars 
mentioned above the weight necessary to break them was 
very small, compared with that which would have been 
required to crush them without flexure; and there was 
scarcely a pillar broken in which the part compressed 
exceeded the part extended, though some had sustained very 
great pressures. 

In the longest pillars mentioned above we may, I conceive, 
consider the position of the neutral line as not widely different 
from what it would have been if the pillar had been broken 
as a beam, transversely ; the only difference in the two cases 
being, that the compressed part, compared with the extended 
part, would be greater in the pillar, through the weight laid 
upon it, than in the beam. And we have seen that, in the 
pillars alluded to, the depth of the compressed part varied 
from -^rd to less than ^th of that of the extended part ; and 
in a beam the depth of the compressed part would be still 
smaller. In the experiments on tension and compression 
(arts. 33-34, Part II.), it has been shown that cast iron 
resists crushing with about seven times* as much force as it 
does tearing asunder; and some experiments not yet published 
have inclined me to believe that the neutral line in a 
rectangular beam, at the time of fracture, divides the section 
in the proportion of six or seven to one, or one not widely 
different from this ; but I draw the conclusion with consider- 
able diffidence. • 

91. The subject here treated of will be adverted to in a 
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future article, after the experiments which I am intending to 
give upon the transverse strength of bars have, with those on 
the tensile strength (art. 3, page 229), furnished data for 
the purpose. 



EXPERIMENTS TO DETERMINE THE TRANSVERSE STRENGTH 

OP UNIFORM BARS OF CAST IRON. 

92. I wall now give the results of a very extensive series of 
experiments upon rectangular bars, all cast from the same 
model, and including irons from the principal Works in the 
United Kingdom. 

The great accumulation of specimens of iron, which w^ere 
obtained, but could not be used in our inquiry, before 
mentioned, respecting the strength of hot and cold blast iron, 
afforded a good opportunity to acquire the relative values of 
many of the leading irons. Mr. Fairbairn, therefore, under- 
took the matter, and had castings made from the whole ; and 
having increased them by subsequent additions of iron, the 
variety of results from the whole, both of Mr. Fairbairn's and 
my own experiments, has become great, especially when those 
are added to them which we derived from the hot blast 
inquiry, and these will be found abridged in the following 
pages. The experiments of Mr. Fairbairn were very carefiilly 
made, some of them by myself, as those on the anthracite 
iron, &c., and all with the same attention to accuracy. The 
results are published at length in the Manchester Memoirs, 
vol. vi., second series ; but are here given in an abridged 
form, only one series of results being set down for each kind 
of iron : every result in each series being a mean between 
values derived from the same weights in diflferent experiments. 
The bars were cast from a model, 5 feet long and 1 inch 
square, and they were during the experiment, laid upon 
supports 4 feet 6 inches asunder, and bent by weights 
suspended from the middle. After each load had been laid 
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on, which was done with care and with small additions of 
weight, the deflexion was obtained by means of a long scale in 
the form of a wedge, graduated along its side, so that very 
minute distances could be measured. The beam was then 
unloaded in order that the defect of elasticity, or set, might 
be obtained. These experiments and those made by my 
friend for the British Association, were conducted in the same 
manner as others which I had made some time before on the 
Carron, Buffeiy, and other irons, mentioned in art. 86 ; and 
the remark which I had made of the very early defect of 
elasticity of cast iron, as shown by my experiments, received 
a further confirmation from these ; as the quantity of set was, 
from that time, always carefully observed. The results of all 
the bars were afterwards reduced by calculation in the same 
manner as those in my Report (British Association, vol. vi.), 
in order to preserve uniformity in the whole. 
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802 REMARKS ON THE PRECEDING EXPERIMENTS. 

REMARKS ON THE EXPERIMENTS IN THE LAST ARTICLE. 

95. The objects sought for in every experiment were to obtain 
— the deflexion of the beam with given weights, generally in- 
creasing by equal increments, — and the set, or defect of elasti- 
city, as exhibited by the deviation of the beam from its original 
form, after the weight was taken off; for reasons before men- 
tioned (ai't. 86). As the beams were generally broken, the 
deflexion at the time of fracture could not often be obtained 
by direct admeasurement ; it was therefore usually calculated, 
for each separate experiment, from the breaking weight, and the 
last weight, with its observed deflexion previous to fracture. 

Many of the experiments were on the Carron Iron, No. 2, 
both hot and cold blast ; and as these two denominations of 
iron differ in transverse strength only as 99 to 100, from the 
results of a great number of experiments, we may consider 
them as of the same strength. Some of the experiments 
were made to test admitted conclusions with respect to the 
strength of materials, and their objects will now be described. 

The experiments Nos. 5 and 6 were on bars somewhat 
greater than 1 inch square; and the bars Nos. 10 and 11 
were nearly of the same breadth as those, but had their 
depths 3 and 5 inches respectively. Hence, supposing each 
bar to be 1 inch broad, and the depths 1, 3, 5 inches respec- 
tively, the strengths should be as 1, 9, 25, the square of the 
depths. The mean strength from the bars Nos. 5 and 6 was 
490 lbs., but as these were larger than 1 inch square, I will 
state the reduced results from a number of experiments. 
The strength per square inch from five cold blast bars of this 
iron was 467 lbs., and from five hot blast bars it was 459 fts. ; 
mean from the whole 463 lbs. Multiplying this mean by 9 
and 25, gives for the strength of the bars, 3 and 5 inches 
deep, 4167 and 11,575 lbs. respectively. The 3 and 5-inch 
bars, in Nos. 10 and 11, are rather more than 1 inch broad, 
and their mean strengths are 3890 and 10,298 fts. And, if 
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the breadths were reduced to 1 inch, the strengths would be 
3795, 10,067 flbs. respectively. But, as these numbers are 
less than 4167, 11,575, as above, it appears that the strength 
of rectangular bars, of the same length and breadth, increases 
in a ratio somewhat lower than as the square of the depth. 

It having been often asserted that, if the external part or 
crust of a cast iron bar be taken away, the strength of the 
internal part will be much less than that of a bar of the same 
dimensions, retaining its outer crust ; the result of the 
experiments in No. 9,- compared with those of Nos. 5 and 6 
will show that the falling off in strength, if any, is not great. 

It was asserted by Emerson, in his * Mechanics,' 4to, page 
114, that if a beam be made in the form of a triangular 
prism, and ^th of the height be taken from the vertex, parallel 
to the base, the remaining part will be stronger than the 
whole beam : this result was obtained on a supposition that 
materials are incompressible. Tredgold, in art. 118 of this 
volume, computes the same, on the supposition of equal 
extensions and compressions from ecjual forces, and finds that 
if n)th of the depth of such a beam be taken away from the 
vertex, the strength will be about the greatest. The experi- 
ments Nos. 12 and 13 were intended to show how far this 
was true ; and it appears that the frustrum, with i\)th of the 
depth taken away, instead of being stronger than the whole 
triangle, was weaker than it in the proportion of 702 to 766. 
The object of the experiments Nos. 14 and 15 was principally 
to show that beams of cast iron, of the same dimensions, 
might be made to bear, when turned one way upwards, 
several times the weight which they would bear when turned 
the opposite way up. In this case the strengths were as 
1015 to 273, or as 4 to 1 nearly. This was first shown in 
the Author's Paper on the * Strength and best Form of Iron 
Beams' (Manchester Memoirs, vol. v.), and of which an 
abstract will be given in this volume. The experiments No. 16 
have in part the same object as those in art. 86, before described. 
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806 EXPLANATION OF PRECEDING TABLE. 

96. In the preceding Table, the result from each bar is 
reduced to exactly 1 inch square ; and the transverse strength 
which may be taken as a criterion of the value of each iron, is 
obtained from a mean between the reduced results of the 
original experiments upon it ; — ^first on bars 4 feet 6 inches 
between the supports, and next on those of half the length, or 
2 feet 8 inches between the supports. All the other results 
are deduced from the 4 ft. 6 inch bars. In all cases the 
weights were laid on the middle of the bar. 

97. Since the experiments above were given to the public, 
some others, upon bars of the same dimensions, and having 
their results reduced in the same manner as these, have been 
pubhshed by Mr. David Mushet. Other experiments on the 
Ystalyfera iron have been given to the public by Mr. Evans : 
those above are results obtained from experiments upon two 
samples of each kind, sent to Mr. Fairbaim from the 
proprietors. 

Mr. Fairbaim has likewise recently sent to the Institution 
of Civil Engineers the results of experiments made for him by 
the Author, u|>on bars of the same size as those in the pre- 
ceding pages, and on four other kinds of cast iron, viz. : iron 
obtained from Turkish ores ; iron from the island of Elba ; 
and two kinds of Ulverston (English) iron. 

98. Explanation and Uses of t/ie preceding Table. 

1st. JEaplanafion. — ^The column representing the number 
of experiments refers to those from which the strength of the 
beams was obtained. 

The specific gravity was obtained, generally, from a mean 
of about half a dozen experiments, on small specimens, 
weighed in and out of water. 

The modulus of elasticity was usually obtained from the 
deflexion caused by 112 ibs. on the 4 feet 6 inch bars, 
calculated from the value of m in the formula, ^==*4^s, (Part 
I. art. 266). The numbers representing the power to resist 
impact were obtained from the product of the breaking weiglit 
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of the bars^ by their ultimate deflexion ; as it appeared from 
the experiments . in the Author's Paper *0n Impact upon 
Beams/ (British Association of Science, fifth Report,) that the 
conclusions of Tredgold (art. 304), with respect to a modulus 
of resilience, applicable so long as the elasticity was un- 
injured, might be extended to the breaking point in cast 
iron. 

2nd. Uses of the TcMe. — These are numerous, but two 
only of the most common will be mentioned. If h and d be 
the breadth and depth of a rectangular beam in inches, / the 
distance between the supports in feet, w the breaking weight 
in ibs., u> any other weight, d its deflexion, and m the 
modulus of elasticity in Ibs.,1 for a square inch : putting 
4*5 for the distance 4 feet 6 inches, above, we have 



10 a ^ , The value of % being taken from the Table above. 

. _ mft d»cy ) (Fart L art. 256) the valae of the modoltui m being obtained from 
482 P J the Table. 
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' 99. In all the preceding experiments on rectangular bars, 
the defect of elasticity, measured by the deflexion remaining 
in the bar after the load had been removed, was observed, for 
reasons previously given (arts. 86, 92) ; and to show the law 
which regulates this defect, its value, with equal additions of 
weight, will be collected from the mean results upon each 
iron, and placed under the corresponding weights in the 
following Table. 
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100. Defect of elasticity, or set, at obtained from the vuan d^/Uxion of hart east fnm 
models 1 inch square, laid on supports 4*6)%. asunder; nsing only those troMf upon 
which experiments had been madt, astothetel, upon aU the fo^ghts set down* 



FIRST SERIES. 



No. 1 IroDB. 
Elsicar^ cold blast . 
Muirkirk, cold blast . 
Bate, cold blast 

No. 2 Irons. 
Corbyn*8 Hall • . 
Beaufort, hot blast . 
Pentwya , . • 
Frood, cold blast . 

No. 8 Irons. 
Carron, hot blast 
Gartsherrie, hot blast 
Dundy van, cold blast 
Coed-Talon, do. 
Fonkey, do. 
Maesteg, number unknown 

No. 2 Irons. 
Oldberry, cold blast . 
Pontypool 

Brimbo . • • 
Carron, cold blast . 

No. S Irons. 
Blaina, cold blaflt 
Coed-Talon, hot bhist 



Means from sets from nineteen ) 

kinds of iron ... . . | 

Sets computed from the fonnulax 

X = — , where x is the set, v 

and w the weight in } cwts. • • ) 



SECOND SERIES. 

No. 2 Irons. 

Adelphi, cold blast 

Eagle Foundry, hot blast . . • 

Level, hot blast .... 

Pant 

No. 3 Irons. 

Wallbrook 

Carron, cold blast . • • • 

Means from the six kinds of iron . 

Means from the last six in former ) 

part of Table . . . .( 

Means from the twelve kinds of iron 
Sets computed, as before, from 

formula x » ^^, x and to being; 
o«o 

as above . • • . 



56 



•008 
•005 
•002 
•003 

•006 
•004 



•002 
•003 
•002 
•006 

•003 
•006 



•0087 
•0038 



•0037 



•0030 



113 



•020 
■Oil 
•010 

.016 
.008 
.008 
.016 

•006 
•018 
•008 

•on 

•010 
•018 

•012 
020 
•014 
•006 

•018 
•Oil 



168 



•0124 



•0117 



•014 
•018 
•Oil 
•014 

•013 
•Oil 



•0127 
•0128 



•0127 



•0122 



2U 



•088 
•028 
•022 

•036 
•017 
•018 
•082 

•Oil 
•084 
•021 
•020 
•020 
•030 

•031 
•038 
•033 
•012 

•086 
•024 



280 



•026 



•026 



•034 
•030 
•022 
•026 

•028 
•024 



•027 
•029 



-028 



•027 



•054 
•051 
•042 

•062 
•030 
•030 
•056 

•021 
•056 
•037 
•033 
■081 
•056 

•064 
•065 
•068 
•022 

•059 
•039 



386 '398 



4xO 



•045 



•047 



•060 
•061 
•038 
'042 

•049 
•043 



•047 
•061 



•049 



•075 
•081 
•067 

•088 
•049 
•048 
•089 

•035 
•081 
•059l ^089 
•048 -066 
•048 •068 



•102 
•121 
•098 

•122 
•073 
•073 
•131 

•052 
•114 



•185 
•172 
•183 



•176 
-265 
•185 



•171^ -284 
•103 -1361 



•090 

-083 
•097 
•088 
•034 

•093 
•057 



•069 



•073 



•093 
•078 
•061 
•069 

•071 
•066 



•071 
•080 



049 ^076 



•078 



•140 

•122 
•142 
•124 
•053 

•141 
•077 



•101 

•188 

•076 
•155 
•126 
•089 
•094 
•191 

•175 
•204 
•172 
•076 

•197 
•101 



•139 
•273 

•103 
•209 
•181 
•116 
•126 
■274 



100 140 



•105 



•188 
•113 
•088 
•076 

•108 
•094 



•102 
•116 

•109 
•110 



•143 



•201 
•151W 
•121 
•100 

•188 
•129 




•196 



•187 



•141 
•167 



•149 



•149 



101. Comparing the mean sets, or defects of elasticity, iu 
each series of the preceding Table, with the computed ones, it 
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appears that the defects vary nearly as the square of the 
weights; the set being the abscissa and the weight the 
ordinate of a parabola. 

Hence there is no force, however small, that will not injure 
the elasticity of cast iron. 

102. When bars of a JL form of section are bent, so as to 
make the flexure to depend upon the extension or compression 
of the vertical rib (as in arts. 86, and 94, experiments 14 to 
16), the set is nearly as the square of the extension or com- 
pression ; these being measured by the deflexions. 

108. In all the preceding experiments, the weight laid upon 
the beam acted in a vertical direction ; and the weight of the 
beam, independently of the other weight, had a small 
tendency to deflect the beam; the deflexions given in the 
Table being measured as commencing from that position 
which the beam had taken in consequence of its own weight. 
This, therefore, introduced an error which, though very small, 
on account of the great strength of cast iron compared with 
its weight, ought, if possible^ to be avoided ; especially where 
the object was, — not only to prove that defects of elasticity 
were produced by weights which were not hitherto supposed 
capable of injuring the elasticity, — but also to seek for the law 
which regulated these defects. Other objections to these 
results might be urged, as for instance : when a beam is laid 
upon two supports, and bent by a weight in the middle or 
elsewhere ; the friction between the ends of the beam and the 
supports will have a slight influence upon the deflexion, a 
matter which has been submitted to calculation by Professor 
Moseley* in his able work on engineering. To meet the 
objections above, I had an apparatus constructed with four 
friction wheels, two to support each end of the beam ; one 
wheel acting horizontally and the other vertically. The 
horizontal wheels were intended to destroy the friction arising 
from the weight of the beam, and the vertical ones that from 

• M Mechanical Principles of Engineering and Architoctore," art. 889. 
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the weight applied ; this weight, in its descent, being made to 
act horizontally upon the beam, by means of a cord passing 
over a pulley. The results obtained in this way confirm the 
truth of the former ones ; and by being freed from small 
errors, are much more consistent among themselves than they 
would otherwise have been. 

104. A bar of the «L form of section, bent so as to 
compress the vertical rib, with weights varying from 112 to 
1344 ibs., gave, from a mean of two experimente very 
carefully made, the set, as the 188 power of the deflexion, 
measuring the compression of the rib. In these experiments, 
each weight was allowed to remain on the beam five minutes, 
and the set was taken twice, at intervals of one and five 
minutes after unloading ; it having been found that a greater 
length of time produced but little change in the quantity of 
the set. 

105. Experiments made to extend the vertical rib, the bar, 
during flexure, being turned the opposite side upwards, gave 
the set as a power of the deflexion, or extension, somewhat 
higher than as above. 

106. Supposing the set to arise wholly from the extension 
or compression of the rib, which is very probable, it will 
therefore be nearly as the square of the extension or com- 
pression, as above observed. If, therefore, x represent the 
quantity of extension or compression, which a body has 
sustained, and a x the force producing that extension or 
compression, on the supposition that the body was perfectly 
elastic ; then, the real force /, necessary to produce the 
extension or compression ^, will be smaller, than on the 
supposition of perfect elasticity, by a quantity h a? ; and we 
shall have/= ax'^ba^. 

107. The law of defective elasticity, as here given, and its 
application to other materials, as stone, timber, &c., was 
discovered by the author in July, 1843, and laid before the 
British Association of Science, at its meeting in Cork. 
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OF THE SECTION OF GREATEST STRENGTH IN CAST IRON BEAMS. 

108. The very extensive and increasing use made of cast 
iron beams renders it excedingly desirable that they should be 
cast in the form best suited for insuring strength ; ^d that, if 
possible^ formulse should be obtained by which the strength 
can be estimated. Without these the engineer and founder 
must be in constant uncertainty ; and either endanger the 
stability of erections, costing many thousands of pounds, and 
perhaps supporting hundreds of human beings, or incur the 
risk of employing an unnecessary quantity of metal, which, 
besides its expense, does injury by its own weight. 

109. The earliest use of this most valuable material for 
beams has been but of recent date : so far as I can learn it was 
first used by Boulton and Watt, who in 1 800 employed beams, 
whose section was of the form J^ , in building the cotton mill 
for Messrs. Philips and Lee in Salford. These, the earliest 
cast iron beams, differed from the J^ formed beams of the 
present day, in having the lower portion of the vertical part 
thicker than the modern ones. Both have had the same 
object in their construction, that of supporting arches of 
brick-work for the floors of fire-proof buildings ; and as they 
were well suited for that purpose, and of a convenient form 
for casting, besides being very strong, particularly the modem 
ones, comparatively with rectangular beams of that metal, their 
use has been very general, and they are still employed ; though 
they have now been supplanted in most of the large erections 
of Manchester and its neighbourhood, and many other parts 
of the kingdom, by another form derived from experiments of 
which I gave an account in the fifth volume of the ' Memoirs 
of the Literary and Philosophical Society of Manchester' 
(second series) published in 1831. I propose giving here 
extracts from the leading results and reasonings in that Paper. 

110. In the application of a material like cast iron to 
purposes to which it had not been before applied, it could not 
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be expected that the form best suited for resistance to strain^ 
any more than the quantity necessary to support that strain, 
could be at once Attained. The J^ form of cast iron beam 
mentioned above, was, however, by no means a bad one ; it 
had undergone modifications and improvements by diflFerent 
parties, and had had various experiments made upon it, some 
of which, made by my friend Mr. Fairbaim, on a large scale, 
I gave in the Paper mentioned above. This form, however, 
Mr. Tredgold saw, was not the best, and gave, in his article 
on the * Strongest Form of Section ' (Part I. Section IV.), a 
representation of what he considered the best (Plate I. fig. 9), 
a beam with two equal ribs or flanges, one at the top and the 
other at the bottom. Mr. Tredgold proposed this form, 
assuming that, whilst the elasticity of a body is perfect, it 
resists the same degree of extension or compression with equal 
forces ; and therefore he concluded that a beam, to bear the 
most, should have equal ribs at top and bottom, as it ought 
not to be strained so as to injure its elasticity.* 

111. Having myself given a Paper on the * Transverse 
Strength of Materials,' in the fourth volume of the ^ Memoirs 
of the Literary and Philosophical Society of Manchester,' 
published in 1824, containing the mathematical development 
of some principles to which I attached importanqe, besides 
some experiments to ascertain the position of the neutral line 
in bent pieces of timber, I felt persuaded that the form 
proposed by Mr. Tredgold was not the best to resist fracture 
in cast iron. It was evident that that metal resisted fracture 
by compression with much greater force than it did by 
tension, though the ratio was then unknown : and I was 
convinced that the transverse strength of a bar depended in 
some manner upon both of these forces ; the situation of 
the neutral line being changed before fracture in consequence 
of their inequality. 

♦ Mr. Tredgold iliJ not suspect tLat tUo gUsticity was iujared by ibxvM howoTW 

suiall, 8ee mt. b6, &c. 
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112. To obtain further information on this subject, I 
adopted, about the year 1828, a mode of analysing, separately 
the forces of extension and compression, in a bent body ; 
results of which have been given in arts. 86 and 94, from 
experiments, since made for other purposes. I had bars cast 
from a model, 5 feet long, whose section was of the 

-. It was in all parts ^ of an inch 

^J i1 • ^ ^ 'A ■ 1 111 ^ 



form, I p B thick, and uniform in breadth and 

jHb depth, the thickness being as 

small as the castings could be run to make them uniform and 
sound ; the breadth A B of the flange was 4 inches, and the 
depth P E of the rib running along its middle was 1*1 inch. 

113. When the castings so formed had their ends placed 
horizontally upon supports, and weights were suspended 
from the middle, the flexure would depend almost entirely 
upon the contraction or extension of the rib F E. When the 
rib was upwards, the deflexion would arise from the contrac- 
tion of that rib, and, when downwards, from its extension. 

114. To ascertain the resistance to fracture in these two 
cases, I took two castings, apparently precisely alike, and 
placing the ends of each of them upon two props 4 feet 3 inches 
asunder, broke them by weights in the middle, one with the 
rib upwards, and the other with it downwards, as in the figure. 

That with the rib downwards bore 2^ cwt,, and broke 
with 2^ cwt. The other casting bore 8f cwt., and broke 
with 9 cwt. Deflexion of the latter in middle with 4 cwt. = 
•6 inch, with 8^ cwt. = 1-8 inch. 

115. The strength of the castings was, therefore, nearly as 
2^ to 9, or as 10 to 36, accordingly as they were broken one 
or the other way upwards. 

116. When the second broke, a piece flew out, whole, 
from the compressed side of the casting, of the following 
form. A, D, B, where A B = 4 inches, and C D = '98 inch; 
the point D at the bottom being in or near to the neutral line 
of the bar, a side view of which is represented in the figiure. 
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The side A B of the wedge-like piece broken out, was, as 
will be seen, in the direction of the length of the casting, and 
the weights were laid on at C. Hence, as the depth of the 

casting was found to be 1'35 inch, C = ^:^^ = ^- of the 

depth, nearly. In the experiment on the second bar (art. 

86), made since that time, C D=j:gj=— nearly, 

117. These experiments ai'e interesting; they show the 
effect of the position of the casting on the strength ; give the 
situation of the neutral line ; and may, from the peculiar form 
of the wedge, which, as represented here, is more perfect than 
usual, throw some additional light on the nature of the strain. 

118. Those who with Tredgold (Part I. art. 37, &c.) sup- 
pose the strength to be bounded by the elasticity, and that 
the same force would destroy the elastic power, whether it was 
applied to extend or compress the body, must have conceived 
these castings, and indeed those of every other form, to be 
equally strong, whichsoever way upwards they were turned ; — 
a conclusion which we see would lead to very erroneous results, 
if applied to measure the ultimate strength of cast iron. 

Other experiments were made at that time upon bars of the 
same form as the preceding, to ascertain the deflexions with 
given forces when the rib C D was subjected alternately to 
tension and compression; and it was shown as might be 
expected, that the extensions and compressions, measured by 
the deflexions, were nearly equal from the same forces, though 
the extension was usually somewhat greater than the com- 
pression, the difference increasing with the weight, through 
the whole range to fracture. This always took place by the 
rib being torn asunder, the compression necessary to produce 
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fracture being several times as great as the extension re- 
quired to do ity as may be inferred from art. 33. 

119. The object of the preceding experiments being to 
prepare, in some degree, the way to an inquiry into the best 
forms of beams of cast iron ; we will now reconsider the strain 
to which they are subjected, with a view to their adaptation 
to bear a given load with the least quantity of metal. 

120. Suppose a beam supported at its ends, and bent by a 
weight laid at any intermediate point upon it : since all 
materials are both extensible and compressible, it is evident 
that the whole of the lower fibres are in some degree of 
extension, less pr more, and the whole of the upper fibres are 
in a compressed state ; there being some point, intermediate 
between both, where extension ends^and compression begins. 
If then we suppose all the forces of extension and com- 
pression, in the section of the beam where the deflecting force 
is applied, to be separately collected into two points, one over 
the other, the beam will offer the greatest resistance, the 
quantity of metal being the same, when these points are as far 
asunder as possible, since the leverage is then the greatest. 

121. When the depth of the beam is hmited, this object 
would, perhaps, be best attained by putting two strong ribs, 
one at the top and the other at the bottom, the intermediate 
part between the ribs being a thin sheet of metal, to keep the 
ribs always at the same distance, as well as to serve another 
purpose which will be mentioned further on. 

122. As to the comparative strength of the ribs, in beams 
of different materials, that depends on the nature of the body, 
and can only be derived from experiment. Thus, suppose 
the same force were required to injure the elasticity to a 
certain extent, or to cause rupture, whether it acted by 
extension or compression, then the strengths of the ribs 
should be equal ; and this would be the case whatever the 
thickness of the part between the ribs might be, providing it 
was constant. But, supposing the thickness of the part 
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between the ribs was so small that its resistance might be 
neglected, and the metal to be of such a nature that a force F 
was needed to injure the elasticity to a certain degree by 
stretching it, and another force G to do the same by com- 
pressing it, it is evident that the size of the ribs should be as 
G to F, or inversely as their resisting power, that they may be 
equally affected by the strain. Or if, the resistance of the part 
between the ribs being neglected, it took equal weights F and 
G' to break the material by tension and compression, the beam 
should have ribs as G' to F to bear the most without fracture. 

123. This last matter must be considered with some 
modifications : it would not, perhaps, be proper to make the 
size of the ribs just in the ratio of the ultimate tensile to the 
crushing forces, as the top rib would be so slender that it 
would be in danger of being broken by accidents ; and the 
part between the ribs, though thin, has some influence on the 
strength. 

124. The thickness, too, of the middle part between the 
ribs is not a matter of choice : independent of the difficulty of 
casting, and the care necessary to prevent irregular cooling, 
and contraction, in beams whose parts differ much in thick- 
ness, the middle part cannot be rendered thin at pleasure,- but 
must have a certain thickness, though in long beams the 
breaking weight is small, and a very small strength in the 
middle part is all that is necessary. 

125. The neutral line being the boundary between two 
opposing forces, those of tension and compression, it seems 
probable that bending the beam would produce a tendency to 
separation at that place. Moreover, the tensile and com- 
pressive forces are, strictly speaking, not parallel; they are 
deflected from their parallelism by the action of the weight, 
which not only bends the beam, but tends to cut it across in 
the direction of the section of fracture ; and this last tendency 
is resisted by all the particles in the section. This com- 
poimded force will then tend to separate the compressed part 
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of the beam^ in the form of a wedge, and this tendency must 
be resisted by the strength of the part between the ribs or 
flanges. We have had several instances of fracture this way 
(arts. 86, 94), and there will occur several others in the course 
of the following experiments, as in art. 135, Experiment 12, &c, 

126. We see then that there are three probable ways in 
which a beam may be broken : 1st, by tension, or tearing 
asunder the extended part; 2nd, by the separation of a wedge, 
as above ; and 3rd, by compression, or the crushing of the 
compressed part. I have not, however, obtained a fracture, 
by this last mode, in cast iron broken transversely. 

• 

EXPERIMENTS TO ASCERTAIN THE BEST FORM OF CAST IRON 
BEAMS, AND THE STRENGTH OF SUCH BEAMS. 

127. In the commencement of these experiments the form 
I first adopted was one in which the arc, bounding the top of 
the beam, was a semi-eUipse, with the bottom rib a straight 
line; but the sizes of the ribs at top and bottom were in 
various proportions. The ribs in the model were first made 
equal, as in the beam of strongest form according to the 
opinion of Mr. Tredgold (Section IV., art. 37) ; and when a 
casting had been taken from it, a small portion was taken 
from the top rib, and attached to the edge of the bottom one, 
so as to make the ribs as one to two ; and when another 
casting had been obtained, a portion more was taken from the 
top, and attached to the bottom, as before, and a casting got 
from it, the ribs being then as one to four. In these altera- 
tions the only change was in the ratio of the ribs, the depth 
and every other dimension in the model remaining the same. 

128. Finding that all these beams had been broken by the 
bottom rib being torn asunder, and that the strength by each 
change was increased, I had the bottom rib successively 
enlarged, the size of the top rib remaining the same. The 
bottom rib still giving way first, I had the top rib increased. 
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feeling that it might be too small for the thickness of the 
middle part between the ribs. The bottom rib was again 
increased^ so that the ratio of the strengths of the bottom and 
top ribs was greater than before ; still the beam broke by the 
bottom rib failing first, as before. As the strength continued 
to be increased more than the area of the section, though the 
depth of the beam and the distance between the supports 
remained the same, I pursued, in the future experiments, the 
same course, increasing by small degrees the size of the ribs, 
particularly that of the bottom one, till such time as that rib 
became so large that its strength was as great as that of the 
top one ; or a little greater, since the fracture took place by a 
wedge separating from the top part of the beam. I here 
discontinued the experiments of this class, conceiving that the 
beams last arrived at, were in form of section nearly the 
strongest for cast iron. 

129. In most of the experiments the beams were intended 
to have been broken by a weight at their ntiiddle; and, 
therefore, the form of the arcs, bounding the top of the 
beams, was, in this inquiry, of little importance : in making 
them elliptical, they were too strong near to the ends for a 
load uniformly laid over them ; the proper form is something 
between the ellipse and the parabola. It is shown, by most 
of the writers on the strength of materials, that if the beam 
be of equal thickness throughout its depth, the curve should 
be an ellipse to enable it to support, with equal strength in 
every part, a uniform load ; and if there be nothing but the 
rims, or the intermediate parts be taken away, the curve of 
equilibrium, for a weight uniformly laid over it, is a parabola. 
When, therefore, the middle part is not wholly taken away, the 
curve is between the ellipse and the parabola, and approaches 
more nearly to the latter, as the middle part is thinner. 

130. The instrument used in the experiments was a lever 
(Plate II. fig. 40) about 15 feet long, placed horizontally, one 
end of which turned on a pivot in a wall, and the weights 



EXPERIMENTS TO OBTAIN THE BEST FORM OF BEAMS. 819 

were hung near to the other; the beams being placed 
between them and the wall, at 2 or 8 feet distance from it. 

131. All the beams in the first Table (Table I. following) 
were exactly 5^ inches deep in the middle, and 5 feet long, 
and were supported on props just 4 feet 6 inches asunder. 
The lever was placed at the middle of the beam, and rested 
on a saddle, which was supported equally by the top of the 
beam and the bottom rib, and terminated in an arris at its 
top, where the lever was applied. The deflexions were taken 
in inches and decimal parts, at or near the middle of the 
beam, as mentioned afterwards. The weights given are the 
whole pressure, both from the lever and the weights laid on, 
when reduced to the point of application on the beam. The 
dimensions of section in each experiment were obtained from 
a careful admeasurement of the beam itself, at the place of 
fracture, which was always very near (usually within half an 
inch of) the middle of the beam ; the depth of the section being 
supposed to be that of the middle of the beam, or 5^ inches. 

132. As the experiments were made at different times, and 
there might be some variation in the iron, though it was 
intended always to be the same, a beam of the same length 
and depth as the others, but of the usual X ^^^°^> always 
from the same model, was cast with each set of castings for 
the sake of comparison. The results of the experiments upon 
these beams are given in the third Table. 

133. The first six beams, in the first Table, were cast 
horizontal, that is, each beam lay flat on its side in the sand ; 
all the rest were cast erect, that is, each beam lay in the sand 
in the same posture as when it was afterwards loaded, except 
that the casting was turned upside down, when in the sand. 

134. In all the experiments the area of the section was 
obtained with the greatest care ; it includes, besides the parts 
of which the dimensions are given, the area of the sniall 
angular portions at the junction of the top and bottom ribs 
with the vertical part between them. 
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185* Tabulated Bualts of exptriviuntt to aiccrtain the hut forM of out iron beams, all tie 
depth in the middle, where the load wot applied, ^51 imehet, AU dimendom in ike 



Form of leotion of bMm in 
middle. 



ArMof top 

lib in midale 

of beam. 



l«i Experiment. 

Beam (Plate III. 6g. 41) 
with equal ribs at top 
and bottom. 




£i 



Ind Experiment*. 

Beam with area of see- 
tion of top and bottom 
rib aa 1 to 2. 




175 X -42 
=•785 



1-74 X -26 
= •46 



A roa of but- 
torn rib in 
middle of 
boam. 



1-77 X -89 
= •690 



1-73 X -65 
= •98 



8rd Experiment. 

Beam with area of eeo- 
tion of top and bottom 
rib as 1 to 4. 







1 07 X -30 
»8*2 



21 X -57 
= 1-2 



4th Experiment. 

Beam from the same mo- 
del as the last, but oast 
the opposite way up. 



105 X -82 
=0-84 



2 15 X -56 
= 1-20 






a 

M 






«'o 

hi 



•29 



2*82 



T 



I 



36ilU 



•30 



2-87 



•32 



•33 



302 



89ft9. 



40 ]fes. 



Is 

5^ 



2 




3-08 d941t>a. 
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L 



btamt being nutde Sfeet long and laid on tupportt 4 feet 6 tiid^ tuunder, and having the 
Table are in inches, and the veightt in poundt, except oiherwiee mentioned. 



BvMUng 

weiffht 
inttii. 



6678 &». 
»69cwt. 



2-82 
70 fts. rs.2868 



8270 &4. 
= 78cwt. 

94ft8. 



8268 n>% 

= 78cwt. 

89 fta. 









6678 



7368 fts. I 7868 
= 65 cwt. 2'$7 
88 Iba. rs2567 




2584 



^5 6 

ill 



-A 



2584 



-lb 



8270 

302 
= 2787 



826:< 

808 
= 2688 



2584 



j^ nearly. 



Form of fracture. 



This is represented 
by the line bnrt, 
(Plate III. fiff. 41,) 
where tr—'6, and 
&n=2*5,theflgare 
being a ride view 
of the beam. The 
d&Btanoes tr, bn 
are measured yer- 
tically. 



Nearly aame aa in 
Ezp. 1 ; here t r 
(Plateni.fig.41,) 
= '55 inch. Here, 
and in all other 
caaea, ^ r is mea- 
sared vertically, 
aa before. 



Nearly aa in Expe- 
riment 1 ; and t r 
-•6 (fig. 41). 



2792 



near 



.riy. 



yearly as figure to 
Exp. 1, but here 
6n»-2'5, and tr 
•55 (fig. 41). 



Remarks. 
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Form of section of beam in 
middle. 



5th Experiment. 

Beam with areaof section 
of riba as 1 to 4^ nearly. 




6th Experiment 

Ratio of ribs 1 to 4 
nearly. 




7th Experiment. 

Beam differing from 
last, having a broader 
bottom flange. Ratio 
of ribs 1 to 5^ nearly. 




8th Experiment. 






1^ 
J 



;tSs:SS»>>^'^ 




Of 

top rib in 

middle of 

boun. 



1-05 X -34 
= 0-357 



1-6 X 316 
=0-6 



1 -sex -315 
=0-49 



Areaof 

bottom rib 

in middle 

of beam. 



3-08 X -61 
= 1-670 4 






J3 



•305 



o-s 

a 



h 



i 



m 

J 






I 



8-37 



44ift8. 



416 X -58 
= 2-2 



5-17 X '56 
=2-89 



•38 



4*50 571^8. 



'84 



67ifts. 



2-3 X -316 I 406 X -67 
= •72 =2-314 



•33 



4-628 



4 

li 

& 



•4 

•45 

•52 



•24 
•86 
•40 
•42 
*45 
•48 
•49 
•68 



1^ 

k5^ 



11186 
12698 
18706 



8288 
12698 
18706 
14210 
15218 
16722 
16226 
16780 
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(CotUinued.) 



Breaking 
wekrht 
in TO. 




10727 lbs. 
sx 95cwt. 

87 lbs. 



14462 fts. 

» 129 cwt. 

14 lbs. 



16780 lbs. 
42Ibt. 



10727 

8-87 
= 8188 



^*c9i8 



2792 




Fonn of ftttotnre. 



Bemarks. 



^ nearly 



14462 

4*5 
»8214 


2698 


16780 

5 

-8846 


2698 



I nearly 



} nearly 



Here tr (fig. 41) 
«• *6 inch. 



Here b n (fig. 41) 
= 2*5 inches. 



15024 &d. 
= 184 cwL 

16^8. 



15024 

4-628 
= 8246 



Broke by tension, small flaw 
in bottom rib, at plaoe of 
firactore. 



Broke by tension 1 inch from 
the middle. 



After having borne the last- 
named weight some mi- 
nutes, it broke by tension 
very near the middle. 



Broke by tension very nearly 
in the middle. 

This beam and thoee in all 
the experiments, except the 
last, were of the form (PL 
IlL, figs. 42 and 48), being 
uniform in height, and hav- 
ing a large bottom rib ta- 
pering towards the ends. 
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Form of seotiou of beam in 
middle. 



ribinmldAe ^Seof 



of beam. 



9 th Experiment. 
Prom the itame model 
as that uBed in Experi- 
ment 8, except that 
the bottom rib is in- 
creased in breadth. 



10th Experiment. 
Beam from the same 
model, but with fur- 
ther increase of bottom 
rib. 



285 X *29 
= •68 



11th Experiment. 

Beam from same model 

as in last experiment. 



2-8 X 

= •64 



beam. 



6-43 X -637 
= 2-916 



6-8 X -502 
= 8-418 



6-61 X '54 
= 8-67 



12th ExperimenL 




2 88 X '31 
= •72 



667 X -66 
-4-4 




•35 




5-292 



•84 



•266 



644Ib8. 



5-86 



6-4 



68i]bs. 



7llb8. 



h 

•^ a 
& 



•12 
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16 
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•28 
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•85 
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•43 
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8288 

9309 
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12346 

13854 
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15398 

16401 
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8288 

9309 

10881 

11839 

12341 ' 

18351 
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14345 
15913 
16697 
18265 
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U8S< fta. 










erident by compuing thlir 


ii.«t7 










deflezioDa,thiibeanibaTiDg 
bent little more thui heff 


^lasowt 
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Form of section of beam In 
middle. 


Area of top 

rib in middle 

of beam. 


Areaof bot- 
tom rib in 
middle of 
beam. 


Thickness of vertical 

part between the 

ribs. 


■8% 
ll 


■s 

I 


II 

S*5 


1- 

o * 


18th Experiment. 


2*3 X -28 


6-68 X -65 


-835 


6-5 


74ifi>s. 


•22 


9328 


fVom the lame model as 


= •64 


= 4-81 


1 






•24 


11397 


in the last Experiment. 












•25 
•26 
•80 
-84 
•86 
•88 
•48 
•47 
•48 
•50 


12777 
14345 
15913 
17481 
18265 
19049 
20617 
22185 
22969 

1 


14th Experiment 


1-54 X -82 


6-50 X '51 


■a* 


5^41 


70{IbB. 


•26 


9327 


Elliptical beam, diffot^ 


-•493 


= 8*816 








•27 


10707 


ing fix>m that hi Ex- 












•28 


11397 


periment 7« in haring 












-80 


12087 


a larger bottom rib; 
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ntioofrib6 6itol. 












•84 
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14345 
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19883 
20617 
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28249 lbs. 
= 10toiui8 
cwt. nearly 
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a9ton8 8 
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d 






OD 



gill 8 

4*«M 5 3 

00 o 3 



28249 
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2100 9 

5-41 
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6'a 






^nearly. 



upwards 
ofi 



Form of ftactue. 



Nearly as in figure 
to first experi- 
ment, 5 ti s 1*8 
inch. 



Romaiks. 



Broke in the middle by 
tension. 
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REMARKS UPON THE EXPERIMENTS, IN TABLE I., TO OBTAIN THE 
BEST FORM OP CAST IRON BEAMS OP WHICH THE LENGTH 
AND DEPTH WERE INVARIABLE. 

138. It has been mentioned before, that these experiments 
were begun with that form of section of beam which Tredgold 
(Part I., art. 40) was induced to consider as the strongest, 
the top and bottom flanges in it being equal. This form 
was, however, found to be i^th weaker to resist fracture than 
that in common use (the ± form) ; though it would, perhaps, 
be nearly the strongest in wrought iron. The top flange, in 
the model before used, was next reduced, and the part taken 
off it was added to the bottom one. This alteration gave an 
increase of strength, and the beam, in Experiment 3, was 
somewhat stronger than that of the usual form cast with it 
for comparison. It did not now seem advisable to decrease 
further the top flange ; and as every beam had been found to 
break by tension, or through the weakness of the bottom 
part, I thought it best to keep increasing the bottom flange, 
by small degrees, till such time as the beam broke by the 
rupture of some other part. Proceeding thus, the beam, in 
Experiment 5, had its bottom and top ribs, or flanges, as 4^ 
to 1 ; and the result from that form of section was a gain in 
strength of about -^th. Before increasing the bottom rib any 
further, I added a little to the top one, as the vertical part of 
the beam, or that between the ribs, would be perhaps strong 
enough for much larger ribs. In Experiments 6, 7, and 14, 
the top rib and vertical part of the model were the same, the 
only difference being in the increasing breadth of the bottom 
rib. Erom these, the gain in strength, above what was 
borne by beams of the usual form, was respectively -J^th, ^th, 
and between ^^th and ^rd. 

In Experiments 8, 9, 10, 11, 12, 13, the top rib of the 
model was the same; but it was somewhat larger than in 
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Experiments 6, 1, and 14, and the bottom rib was the only 
part intended to be varied. In the 12th Experiment of the 
Table (being the 19th made) the section of the bottom rib at 
the place of fracture, the middle, was more than double the 
rest of the section there ; and the ratio of the top and bottom 
ribs was as 1 to 6. In all the beams before this, fracture 
had taken place through the weakness of the bottom rib. In 
this it took place by the separation of a wedge from the top 
rib and the vertical part of the beam, which part happened 
to be thinner than usual : the gain in strength, arising from 
the form of the section in this beam, was upwards of f ths of 
what the beam of usual form bore ; and the saving from the 
general form of the beam was nearly i^ths of the metal. This 
experiment was repeated in Experiment ] 3, but the beam, 
though cast from the same model, had its vertical part thicker 
than in the former ; and its strength, per square inch of sec- 
tion, was less. Fracture took place in it by the rupture of the 
bottom rib, as in all the preceding experiments except the last. 

The form of section in Experiment 12 is somewhat better 
than that in Experiment 14 ; it is the best which was arrived 
at for the beam to bear an ultimate strain ; and it is, doubt- 
less, nearly the strongest which can be attained: for the 
vertical part between the flanges is as thin as it can, pro- 
bably, be cast ; and the remainder of the metal is disposed in 
the flanges, and consequently as far asunder as possible, the 
section of the flanges being in the ratio of 6 to 1, or nearly in 
that of the mean crushing and tensile strength of cast iron 
(Part II., art. 38). 

The strengths, per square inch, borne by the beams in 
Experiments 12, 13, and 14, were 4075, 3576, 3883 fts. 
respectively, the mean being 3845 fts. And the strength of 
the beam of the common form (Table III.), cast with them 
for comparison, was 2885 fts. per square inch. The differ- 
ence, or strength gained from a mean among the results, 
was therefore 960 fts., or upwards of ^th of that mean< 
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Some of the beams, it will be noticed, had their bottom rib 
considerably thicker than the vertical part between the ribs ; 
the line of junction being tapered from the thick to the 
thinner part. This tapering was more gradual, and higher 
up the beam, than is represented in the forms of section. 
The castings obtained were veiy good, as might be inferred 
from the strength of them ; but as additional care is requisite 
to obtain good castings, when the parts diflFer much in 
thickness, we should bear in mind that it is not absolutely 
necessary, but convenient, to make one part thicker than 
another. The same strength would have been obtained by 
making the bottom rib broader and thinner than that in the 
beams tried, leaving the quantity of metal the same. 

FORM OF BEAM ALTERED. 

139. After Experiment 7, it was evident that the bottom 
flange in the future beams, if made of equal size throughout, 
as heretofore, would become very heavy ; I had, therefore, the 
form of the beams, near to the ends, changed, leaving the 
section in the middle, as before, and making the height of the 
beam equal throughout, instead of being elliptical, as in the 
previous experiments. The bottom flanges were both made 
to taper towards the ends in the form of a double parabola 
whose vertex was in the middle of the beam ; and the ratio of 
the sections of the flanges were, throughout the length of the 
beam, the same as that in the middle. (See Plate III. figs. 
42 and 48, the former being a plan, and the latter an 
elevation of the beam.) 

140. From the great quantity of matter in the flanges, 
particularly the bottom one, in the subsequent experiments, 
and the small thickness of the part between the flanges, I was 
convinced that nearly all the tensile force would be exerted by 
the bottom flange, whilst the rest of the beam would serve for 
little more than a fulcrum; the centre of resistance to 
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compression, or of that fulcrum, being very near to the top ; 
it being perhaps at the point r, in the experiments in the 
Table (Table L). 

Suppose then D to be the vertical distance from the centre 
of compression, at any part of the beam, to the centre of 
tension in the bottom flange ; and if T be the direct tensile 
strength of the bottom flange at that part, T multiplied by 
some function of D, (or T D nearly,) will represent the 
strength of the beam there. But D throughout the same 
beam will be a constant quantity, or nearly so ; the strength 
of the beam at any part, will, therefore, be nearly in pro- 
portion to that of its bottom flange at that part ; and as the 
strain will be less towards the ends than elsewhere, the bottom 
flange will be reduced there likewise. Suppose the bottom 
flange to be formed of two equal parabolas, the vertex of one 
of them, A C B, being at C, in the figure annexed ; then, by 





the nature of the curve, any ordinate c?^ is as A^xB^ ; the 
strength of the bottom flange, therefore, and consequently 
that of the beam at that place, will be as this rectangle. It is 
shown too, in Part I., and by writers on the strength of 
materials generally, that the rectangle A exB e is the 
proportion of strength which a beam ought to have, at any 
distance A e from A, to bear equally the same weight in every 
part, or a weight laid uniformly over it. The conclusions 
above were verified by several experiments, in which beams 
were broken by weights applied at half the distance between 
the middle and the ends. 

141* From the experiments in Table I., in which the length 
and depth of the beam were always the same, it would appear, 
that when the size of the top flange and the thickness of the 
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vertical part remain unaltered, the latter being small, the 
strength of the beam is nearly in proportion to the size of the 
bottom flange ; double the size of that flange giving nearly, 
but not quite, double strength. 



REMARKS ON TABLE II. 

142, The first four beams in this Table were all cast 7 feet 
6 inches long, and they were supported by props 7 feet 
asunder. They were all from the same model, which varied 
only in the breadth of its vertical part between the flanges, 
the depth of the beam being all that was intended to vary. 
The depths were nearly 4, 5, 6, and 7 inches, but accurate 
admeasurements are given with the sections. The vertical 
part in these beams was rendered too strong comparatively 
with the size of the bottom flange, in order that they might 
all break by tension, or in the same manner, to furnish the 
means of judging correctly of their relative strength. 

143. From these experiments it appears that the ultimate 
strength, in sections like the preceding, is, catena paribus, 
nearly as the depth, but somewhat lower than in that 
ratio. 



SIMPLE RULE FOR THE STRENGTH OP BEAMS APPROACHING 
TO THE BEST FORM IN THE PRECEDING EXPERIMENTS. 
(tables 1. AND II.) 

• 144. It appears, from art. 141, that when the length, 
depth, and top flange, in different cast iron beams, with very 
large flanges, are the same, and the thickness of the vertical 
part between the flanges is small and invariable, the strength 
is nearly in proportion to the size of the bottom flange. It 
appears, too, from the last article, that in beams which vary 
only in depth, every other dimension being the same, the 
strength is nearly as the depth. 
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145. Hence in different beams whose length is the same, 
the strength must be nearly as their depth multiplied by the 
area of a middle section of their bottom flange ; and when the 
length is different, the strength will be as this product divided 
by the length. 



w = 



cad 



where W=the breaking weight in the middle of the beam, 
fl=the area of a section of the bottom flange in the middle, 
d= the depth of the beam there, / == the distance between the 
supports, and c=a quantity nearly constant in the best forms 
of beams, and which will be supplied from the results of the 
experiments in Tables I. and II. 

146. We will seek, by means of this approximate formula, 
for the value of c considered as constant, obtaining it jBrom each 
of the experiments ; and, for that purpose, confining ourselves 
to those forms in which the section of the bottom flange in 
its middle is more than half the whole section of the beam, 
take the mean from among them all for c. 



Since W^ 



ead 



.*. e = 



IW 
ad 



Taking the dimensions in inches, and the breaking weight in 
cwts., and separating the results of the beams which were 
cast erect from those cast on their side, we shall have 





In heanu Cast erect. 


In beams cast on their side. 


Esperiment 




Value of c. 


Experiment 


Value of c. 


7 




Table I. 


646 


6 


Table II. 494 


9 




ff 


646 


7 


. 484 


11 




it 


612 


9 


489 


12 




}» 


558 


10 


671 


18 




t* 


607 


11 


681 


14 




19 


596 






1 




Table II. 


658 




Mean 614 cwt 


2 




i» 


472 






4 




»» 


629 










Mean 686 cwt. 







Since 636 or 514 is the mean value of c to give the breaking 
weight in cwts., according as the beam has been cast erect or 
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on its sides, one-twentieth of these numbers, or 26*8 and 
25-7, will be the value of c to give the breaking weight in 
tons. Neglecting the decimals, and taking 26 for the me^n 
value of c, we have 



w= 



ead 26 0(2 



/ 



I 



for the strength in tons where the dimensions d and / are in 
inches. 

But if /, the distance between the supports, be taken in feet, 
the value of c will be ff = 2'166, and the strength in tons 
will be 

„. 2166 a rf 
W= 

This rule is formed on the supposition, that the strength of 
the flanges is so great that the resistance of the middle part 
between them is small in comparison, and may be neglected. 

Another approximate rule, for the strength of the beams in 
Tables I. and IL, and which includes the effect of the vertical 
part between the flanges, may be deduced as below. 

147. Since cast iron resists rupture by compression with 
about 6^ times the power that it does by extension, (art. 33,) 
we may consider it as comparatively incompressible, and 
suppose that the operation of the top flange of the beam, 
when bent, is only to form a fulcrum upon which to break the 
bottom flange and the part between the flanges. 

Let then A D E represent the section of the beam in the 
middle, D E being its bottom flange and A the top one, round 
which it turns. 



A. 



■/// 
■'/' 

/'/■ 
'■,■ 

p. 







r 



n 
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Let W = breaking weight. 

/ = distance between supports. 

(/ = A C = the whole depth. 

rf'= A B = the depth to the bottom flange. 

3 = D E = the breadth of the bottom flange. 

i'= F G = the thickness of the vertical part. 

f = the tensile strength of the metal per unit of 
section. 

;? = a constant quantity. 
To seek for the strength of the beam we may estimate, 
first, the resistance of a rectangular solid whose depth is A C 
and breadth D E, as shown by the dotted lines, and subtract 
from that the resistance which would be offered by that part 
which the beam wanted to make it such a uniform solid as 
the above. 

.'."^ = moment of resistance of the particles in the 

rectangular solid A D E, 

and ~^~ — == moment of resistance of the part necessary 

to make the beam a solid rectangle, where f is the 
strain of the particles at the distance AB. 
When the beam is supposed to be incompressible, as in the 
present case, n is equal to 3, and when it is equally extensible 
and compressible, n is equal to 6 (Tredgold, art. 110). 

But/:/::(i':d,.-./' = ^'. 

a 

Substituting this value for f in the latter moment of 
resistance, and subtracting the result from the former moment, 
gives the moment of resistance of the soUd equal to 

— — — — — X ' • 

n d n 

But, from the property of the lever, this moment is equal to 

w z w 
\l X -J = Y-> or to half the weight acting with a leverage of 

half the length. 
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Whence ^ = 



IW fbd^ fcP Q)-^h')d'^ 



n 



a. n 






In the same iron, / and n are constants ; putting c 
shall have 



4/ 

-, we 



This formula gives 



c = 



diW 



6dS-(6-6')<*'» 



The numerical value of c, calculated by this formula, from 
each of the experiments in Tables I. and IL, taking the 
breaking weight in lbs., the length in feet, and the other 
dimensions in inches, is as below. 



Value of c. Value of c. 


r 1897*98 1 


1982-78 




1786-94 


1666-36 




1666-31 


1693-82 




1638-92 T^blell. - 
1744-10 


1607-46 
1604-63 


J J 1726-90 


1623-98 


1 J. ^ 


1681-74 


1627-43 




1786-96 U647-49 




1670-80 




1886-14 




1671-01 




1 1797-87 


Mean 


value of c from the whole twenty beams, 1690 


•28. 



This value of c is in ibs., and dividing it by 2240, gives '7544 
for its value in tons. 

The iron in my experiments on beams was of a strong 
kind, made with a cold blast ; and many of the beams were 
cast erect in the sand, which gives them a little additional 
strength. We may, therefore, expect that the value of c, just 
obtained, wiQ be somewhat too great for the generality of hot- 
blast castings; and for large beams, the iron of which is 
usually softer than that of small ones. We will, therefore, 
collect here its values, to obtain the strength in tons, com- 
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puted from the results of other experiments on a large scale 
given further on. Taking them in the order in which they 
are inserted, we have as follows : 

From Messrs. MarshairB beams (art. 153), cost from the cupola, 

we obtftin c = '625 ) -u-^^ 

c = -710 ^«f 

From Mr. Gooch's beam (art 154), we obtain e = *679 ) 

Messrs. Marshairsbeam (art 1 63), oast from the air furnace, giyes c = '795 

Mr. Cubitt*s beams (arl. 165), taking the results from the 
sound ones only, and the value of b' from a mean where that 
dimension varies, give as below. 



From Experiment 1 c = *6528^ 

2 c = -6467 

3 c = -7411 

4 c = -7276 

6 c = *7478 

9 c = -6708 

10 c = -7746j 



>» 


ft 


V 


ft 


>i 


If 


it 


w 


79 


M 


;> 


tt 



Mean 
•7086 



Taking a mean value of c, as obtained from the whole of the 
beams cast from the cupola, thirty in number, we should have 
it considerably more than '7 ; the means from twenty experi- 
ments being "7544 ; from three experiments '671 ; and from 
seven experiments •7086. The lowest of these means differs 
but little from f ; and adopting this as a safe approximate value 
for c, from which to compute the strength of beams generally, 
we have in the preceding formula for W its value as below. 

^=3l7l^^'-(^-^')^M' 

where W is in tons, I in feet, and the rest are in inches. 

148. The preceding formula for the strength of a beam 
depends on the two following suppositions : 1st, that all the 
particles, except those of the top part or flange of a bent 
beam, are in a state of tension ; 2nd, that the resistance of 
each particle is as its distance from the top of the beam. 
Neither of these suppositions can be regarded otherwise than 
as an approximation. We know that the former, which is 
almost tantamount to the exploded assumption of Galileo, 
that materials are incompressible, is not strictly true of any 
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Dodies whatever ; and the second supposition is subject to the 
double inaccuracy of the leverage of the particles being 
estimated as from the top of the beams, and therefore rather 
too great; and of the force of the fibres being as their 
extension, whilst, in reality, it is in a less ratio than that, as 
shown in preceding articles (99 to 107). 

If, as is expected, the formula should be allowed to give 
results agreeing moderately well with those of experiment at 
the time of fracture, it will appear evident that the 2nd 
assumption above is favourable to that of incompressibility, in 
estimating the transverse strength of cast iron. 

149. To obtain further evidence on this subject, we will 
seek, by means of the experiments in this work, for the value 

of n in the formula, «^— -^> for the strength of a rectangular 
bar, fixed at one end and loaded at the other, 6 being the 
breadth, d the depth, / the length of leverage, io the weight 
at the end, and the rest as in art. 147. 

150. Selecting from the experiments, in articles 8 and 96, 
the mean tensile and transverse strengths of all the irons in 
which both these properties were obtained, we have as in the 
followinoj Tabic. 



Desoription of Iron. 




Canon iron, No. 2, cold blast ... 
Carron iron. No. 2, hot blast . . . 
Carron iron, No. 8, cold blast ... 
Carron iron, No. 8, hot blast ... 

Devon iron, No. 3, hot blast 

Buffery iron, No. 1, cold blast ... 
Buffery iron, No. 1, hot blast ... 
Coed -Talon iroUi No. 2, cold blast 
Coed-Talon iron, No. 2, hot blast 
Low Moor iron, No. 8, cold blast 



lbs. 
16,688 
13,505 
14,200 
17,755 
21,907 
17,466 
18,484 
18,855 
16,676 
14,535 



IbB. 

476 
463 
446 
527 
537 
468 
486 
413 
416 
467 



IbB. 

238 

23U 

228 

268i 

268i 

2814 

218 

206i 

208 

2331 



Valno of It 
fn>m formula i 

{•0 



n»2*d9 
«=21G 
»=2-8« 
«=2-50 
11 » 3-02 
n=2-79 
n=2-28 
n»=8'88 
n=:2-96 
n = 2Z0 



A lean 'alue 
of II =-203 
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151. The transverse strength of a rectangular body being 
directly as the product of the breadth, the square of the depth 
and the strength of its fibres, and inversely as the length, the 

value of w, in the formula to = ^-^^ will depend upon the 

value of n ; and this last quantity will, as we have seen, depend 
on the comparative resistance of the fibres to extension and 
compression. Thus if, according to the general assumption, 
the extensions and compressions of the particles are equal 
from equal forces, and as the forces, the neutral line will be in 
the middle of the body, and the value of n equal to 6 (Part I., 
art. 110). If, accordhig to Galileo, the body were incom- 
pressible, and the forces of the fibres were as their extension, 
we should have n = S; and if, on the supposition of incom- 
pressibiUty, the forces of the fibres were the same for all degrees 
of extension, we should have » = 2. (See my Paper on the 
Strength of Materials, ' Memoirs of the Literary and Philo- 
sophical Society of Manchester,' vol. iv. 2nd series, p. 248.) 

The value of n, in the preceding Table, obtained from 
numerous experiments upon ten kinds of cast iron, varies 
from 216 to 3'38, the mean being 2'63. This result shows 
that the assumption of the incompressibility of cast iron may 
be admitted so long as we assume that the forces are directly 
as the extension of the fibres ; and it might be admitted still, 
if we were to make the more improbable assumption, that the 
forces are the same for all degrees of extension ; for the value 
of n in the former case would be 3, and in the latter 2, and 
the mean result is 2'63, somewhat nearer to the former than 
the latter. 

The mean value of n obtained from the fracture of different 
kinds of stone, in numerous experiments not yet published, is 
not widely different from 3. The value of n, being assumed 
by Tredgold as 6, has, when applied at the time of fracture, 
caused the errors pointed out in notes to arts. 68, 143, &c., 
of Part I. 
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162. To obviate the anomalies above, and to obtain results 
consistent with experiment in the fracture of beams of cast 
iron — ^taking the neutral line in its proper position — ^we 
shall assume the forces of extension and compression to be of 
the form/= ax- 4^ (w), where/ is the force, w the extension 
or compression, a a constant quantity, and <l> {x) a function 
representing the diminution of the force f in consequence of 
the defect of elasticity. If <^ (a?) be assumed as equal to 
^ a?*, as in art. 106, we shall have » = 2 nearly, if the 
experiments are made on the transverse flexure of bars ; but 
it is more desirable that the value of n should be obtained 
from the direct longitudinal variations of the body experi- 
mented upon. This subject will be resumed in a future 
article. 



EXPERIMENTS ON LARGE BEAMS. 

153. I have been favoured, through Mr. J. O. March, of 
Leeds, with the results of three experiments upon beams 
cast for the mill of Messrs. Marshall and Co., of that town, in 
1838. They were from drawings supplied by Mr. Fairbaim, 
of Manchester; and were of a moderately good form of 
section, according to my experiments, though the bottom 
flange was rather too small. The beams were broken to 
ascertain the ultimate strengths, as well as to test the 
difierence of strength between those cast from the cupola and 
the air furnace. The experiments, Mr. March states, were 
very carefully made, under the inspection of Messrs. Marahall 
and Co. ; and the beams were cast from Bierley pig iron. 
The form, dimensions, and results are as follow : 

Lmensuma of ike htams, 

12 inches deep at one end, and 
lOi ,f deep at the other. 

24 n = breadth of rib on the upper edge at the enda. 

4 „ =breadthof flange at the enda. 
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JHmenaiona of section in middle, in inehee. 

Area of top rib S'OO x •75»2'25. 

Area of bottom rib 8*25 x 1*25=10*81, 
or 11 square inches, the increase from the brackets, at the 
junction of the bottom rib with the vertical part, being 
included. 

ThioknesB of vertical part, j s*625 inch. 

Depth of beam, in middle, 17 inches. 




Seame proved at Meetrs, Manhall and CoJe, Leeds 

18 feet. Deflexions in 60tJu 


; the distance between ike supports 
r of €in inch. 


Tons. 


2 
5 


4 
9 

7 

7 


6 
18 


8 

To 

4 

12 

4 
16 

1 


10 
25 

5 


12 
80 

6 

26 

6 

32 

2 


14 
86 

7 


1618 

40'47 

1 

818 
36 


20 
54 

10 

47 
8 
47 

7 


22 

58 

54 

10 

53 

8 


24 

61 
124 
60 
24 


25 

65 
12 


26 

67 
15 


27 

72 
174 


28 


let cupola easting. 
Broke with 22 tons. 


Deflected. 


Permanent 
Deflexion. 


Defleoted. 


2nd cupola casting. 
Broke with 25 tons. 


Permanent 
Deflexion. 


6 

85 
4 


— 


Deflected. 


Air furnace castiog. 
Broke with 28 tons. 


Permanent 
Deflexion. 

1 



154. In an experiment made upon a beam by Mr. Gooch, 
whilst he was supermtending the formation of the Leeds and 
Manchester Railway, the particulars are as follow : 



Dimensions of section in middle, in inches. 

Top rib . . 6 X 14 « 9. 
Bottom rib . 8 x 1^ = 12. 
Thickness of middle part 1^. 
Depth of beam .... 9. 
Distance between supports, 11 feet 8 inches ; weight 
of casting, 11 J cwt. 




Weights laid on, 
in tons. 



Deflexions, in parts 
ofanhich. 



H 

74 
84 

10 
17 
20 



Broke 84 inches from centre. 



•10 
•15 
•175 
•22 
•25 
•80 
•88 
1-10 
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After bearing 17 tons, the beam was unloaded, and the 
elasticity seemed to be very little or not at all injured. 
The mixture of metal was 

1 ton Colebrook Vale, cold blast 
1^ ,, Staffordshirei hot blast 
H n Scotch, ft 

Mr. Gooch observes, in his letter giving an account of the 
experiment, "The cross section and some of the other 
dimensions are not of the most favourable or economical 
form, but circumstances required the adoption of them in the 
case of this girder." 

155. The two following beams were cast for a viaduct 
forming the junction of the Liverpool and Manchester with 
the Leeds Railway, passing through Salford. They are not 
of forms best adapted for resisting fracture, but their great 
size will give additional interest to experiments upon them. 

156. As several beams were cast from the same models, I 
was requested, by the Messrs. Ormerod, of Manchester, the 
founders, to superintend an experiment upon a beam from 
each ; but the strength was so great that the experiment 
could not well be made in the usual way, that of applying a 
weight in the middle. I had, therefore, the beam inverted 
during the experiment, its bottom flange being turned 
upwards. The middle was supported laterally by stays, and 
it rested upon a cross bar, and other apparatus, on which it 
turned as on an axis ; this cross bar being made to rest on two 
other beams of nearly equal magnitude to that intended to be 
tried. One end of these beams, and the corresponding end 
of the beam to be bent, were connected by means of a strong 
bolt ; and the other end of the latter beam was connected, as 
described below, with the opposite ends of the two supporting 
beams. The object was to break the top beam in the middle 
by a force applied at one end, whilst the other end was fixed; 
and to effect the required pressure, a powerful lever, forged 
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for the purpose, was applied to the moveable end ; it being 
evident that the pressure at the end would only be half of the 
effect produced in the middle. (See Plate V.) 

157. To enable the deflexions to be observed, a straight 
edge of the same length as the beam was used, and made to 
rest upon it, touching it only at the ends. The quantities, 
which the deflexions varied in consequence, of different 
weights, were measured by inserting a long wedge-like 
body, graduated on the side, between the straight edge and 
the top of the beam. The observed distances, when the 
beam was bearing a given load, were subtracted from the 
observed distance when there was no load upon it, for the 
deflexion. 

The experiments were made with a very complete apparatus 
and every attention to accuracy. 

158. The first beam had small ribs, or 
flanges, at top and bottom, and a strong vertical 
plate between them, as in the annexed section. 
The dimensions and results from the beam are 
as follow : 






2*83 inches. 

2 or 



tf 



Section of top rib . . 5*1 
„ bottom rib . 12'1 

Thickness at a, 2*06 ) 

„ b, 2*12 V mean 2*08. 

c, 207 ) 
Depth of beam in middle 80*5 inches. 
Distance between supports 27 feet 5 inches. 
Whole length of beam 28 feet 9* inches. 




Weight applied at the end, 
IntonB. 


Weight applied in the 
xniddle, in tonii. 


9-2 


18*4 


18-4 


26*8 


17-6 


85*2 


21-8 


48*6 


260 


52-0 


80*2 


60*4 


84*4 i 


68*8 


88*3 


76*6 



Deflexion in middle, In 

parts of inch. 

•81 

•47 

•61 

•78 

•87 

1*02 

116 

• 1-29 



With this, 76'6 tons in middle, it broke apparently in 
consequence of an accidental shake. 
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159. The second beam was mucli 
heavier and stronger than the former ; 
its section is as in the annexed figure, 
and its dimensions and results are as 
follow : 



>i 



Mean thickness of bottom flange 
Breadth of 
Whole depth of beam 
Thickness of vertical rib at a 

b 



it 



ft 



8-12 
23-9 
861 
814 
8-36 
8*38 



m. 



1* 



n 



n 



Distance between supports 23 feet 1 inch. 
Whole length of beam 2i „ 6 „ 
Weight of beam, 6 tons 1 cwt 1 qr. 



Weight applied at end of 
beam, in toofi. 
18-4 
17-6 
21-8 
260 
80-2 
84*4 
83*6 
42-8 
47-0 
61-2 
56-4 
69-6 
68-8 
68-0 
72-2 
76-4 



Wcfght applied at middle ot 
b«un, in toua. 

26-8 
85-2 
48-6 
520 
60-4 
68-8 
772 

85-6 

94*0 
102*4 
110-8 
119-2 
127*6 
I860 
144*4 
152-8 



Deflexion in middle of beam, 
in inches. 

•10 

•14 

•17 

• -20 

•23 

•27 

•31 

•86 

•88 

•42 

•46 

•61 

•66 

•59 

•64 



With this load, 153 tons in the middle nearly, the experi- 
ment was discontinued, as the apparatus was overstrained. 
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160. In the second volume of the Institution of Civil 
Engineers, there is a paper containing experiments made in 
the year 1834, by Mr. A. H. Rentoh, for Mr. Bramah. 
They were upon beams of which the section is in the form X> 
some of them being solid throughout their length, and others 
having apertures in them. The following is an abstract of 



EXPEEIMENTS ON BEAMS OF DIFFERENT FORMS. 851 

such of the experiments as were pursued to the time of 
breaking the beam. 

161. Beams, the section of which is of the X form, are, as 
we have seen, much weaker than those of another which has 
been arrived at (art. 135) ; but they are not without interest, 
as they are easily cast, and have considerable strength; except 
those with open work in them, which form the subject of Mr. 
Bramah's second Table, given hereafter ; his first Table con- 
taining the results of experiments on solid beams. The 
former beams, though recommended by Tredgold (Part I., 
art. 41), are very weak ; as will be seen by comparing the 
breaking weights of the beams, 3 inches deep, in the two 
Tables, and taking into consideration the weights of the 
beams. The great weakness of beams Vith apertures in them 
was shown, too, in my experiments on beams, * Memoirs of 
the Literary and Philosophical Society of Manchester,' second 
series, vol. v., 1831. 
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164. Mr. Bramah's experiments were made to support 
certain principles adopted by Tredgold, some of which have 
been controverted in this work. Mr. Bramah states that it 
was " a principal feature in these experiments, and essential 
to the accuracy of the results, to note that point where the 
elastic power becomes impaired, and the specimens take a 
permanent set," &c. But I have shown (arts. 86 and 101) 
that there is no elastic limit in cast iron ; and if there were, 
the depth, 3 inches, of the beams on which Mr. Bramah's 
experiments were made, was much too great, with their small 
distance between the supports, 3 08 3 feet, to enable him to 
discover when the defect of elasticity first took place. In 
neglecting his reasonings, as very disputable, and not suited 
to this place — where the strength considered is the ultimate, 
and Bramah's (following Tredgold) the incipient, of the 
material — I shall merely observe, that the results with respect 
to fracture, seem to be in accordance with those from my own 
experiments (arts. 112-115). Mr. Bramah draws no con- 
clusions from the breaking weights, but they show the great 
difference in the ultimate strength of a beam, according as it 
is turned one way up, or the opposite ; and will serve as a 
beacon to warn the public of the danger of using beams with 
apertures in them. 

MR. CUBITt's experiments ON BEAMS. 

165. Sir Henry De la Beche and Thomas Cubitt, Esq., 
having in 1844 been appointed by Government to inquire 
into the circumstances respecting the fall of a cotton miU at 
Oldham, in Lancashire, and part of a prison at Northleach, in 
Gloucestershire; these gentlemen accompanied their Report 
with the results of the experiments made at Manchester, and 
given more at length in this 2nd Part ; adding in particular 
those with respect to the strength and best forms of iron 
beams and pillars. 
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166. Mr. Cubitt likewise, feeling "impressed with the 
importance of further researches on the forms of cast iron 
beams, whether for the purpose of confirming or of extending 
the views hitherto taken," (Report, page 7,) caused eight 
experiments to be made on a moderately large scale. These 
experiments were published with the Report, and an abstract 
of them is in the following Table. 

167. Tabular results of experiments on cast iron beams — 
each cast 16 feet long — ^laid during the experiment, on 
supports 15 feet asunder, and intended to be of the same 
weight. The first six beams were uniform throughout, the 
seventh and eighth tapered towards the ends. 
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16S. Mr. Cubitt states that his object in making these 
experiments " was to show the great difference of strength of 
cast iron that can be got by taking certain forms." (Appendix 
to Report, page 39.) This object he has realized in a certain 
manner, as will be seen from the last two columns in the 
preceding Table, in which the beams, though of equal weight 
and section, are successively made to increase rapidly in 
strength above the top ones, which are the weakest. 

169. Now as these weakest beams are not very different 
in form of section from, though somewhat weaker than, those 
which I have arrived at from a long course of inductive 
experiments, and considered as nearly the strongest in cast 
iron (arts. 135 and 136) ; and as the circumstance may be 
considered as bearing deeply upon the character of my pub- 
lished results with respect to beams, it will be incumbent on 
me to analyze the effort of Her Majesty's Commissioner with 
more freedom than I would otherwise willingly have done. 

170. Speaking plainly, then, it appears to me that Mr. 
Cubitt, by increasing the strength through increasing the 
depth, the area being the same, has shown nothing more 
than would have been predicted from the slightest knowledge 
of theory ; and that several of his beams, instead of showing 
greater strength, exhibit only weakness and inferiority of 
form. 

171. To give a simple illustration of this statement, we 
will suppose a number of rectangular beams to be formed, of 
the same length and area of section, but of different breadths 
and depths. Then the strength of each being as bd^, varies 
as d, since b d, the area of the section, is constant. 

172. We will select from Mr. Cubitt's Table the results 
of the different experiments, and attach to them a column 
containing the results which would have been derived from 
rectangular beams, of the same length and area, and varying 
in depth as Mr. Cubitt's did. It must, however, be under- 
stood that the rectangular section, which is comparatively a 
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weak one, is introduced only for illustration, as its strength 
for different depths is easily computed; and it may be 
presumed that the strength of other sections, not so easily 
calculated, would increase, by augmenting the depth, in 
some such ratio as that does. 



1 

Number 

of 
Experi- 
ment. 


ToUl depth 

of bonm 

iu middle. 


Compantivo 

strenjTth 

reduced to 

eqiuil liToas. 


Comparative strength of 

rectaiigular beam of 

the same depth as Mr. 

Oubitt's, and of constant 

area and length. 


Remarks. 


1 
o 


715 
7-17 


100 
98-0 


100 
lOC-27 


The streugth of the 
first rectangular beam 
is assumed as 100, 
same as the first of 
Mr. Cubitt's. 


3 
4 


10-75 
10-75 


157-8 
152-4 


150-3 
150-3 




5 
6 


12-75 
12-8 


153-9* 
186-2 


178-3 
1790 


* Bottom flaage un- 
souud. 


7 
8 


140 
17-25 


147* 
194-2* 


195-8 
241'2 


* The bottom flange 
of both beams seems 
to have been slightly 
defective. 



173. If we compare the results in the third and fourth 
colmnns, showing the comparative strengths of Mr. Cubitt's 
beams and of rectangular ones of the same depth, we shall 
see that the increased strength of Mr. Cubitt's beams, in the 
lower part of the Table, above the strength of that at the 
top, with which they are compared, is derived wholly from 
the dept/i ; and as his latter beams give generally much lower 
results than are obtained from the rectangular section, we 
may infer that they are of inferior forms to that with which 
they are compared. The defect in the bottom flange of three 
out of four of them (an uncommon occurrence in properly 
cast beams) renders it probable that, if sound, they would 
have borne a little more than they did ; but afibrds no pro- 
bability that their increase of strength would have been equal 
to that of the rectangular section; which no doubt would 
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bave been tbe case^ or nearly so, if the form in the first 
experiment had been used. 

174. A further confirmation of the conclusion here arrived 
at is derived from the fact, that the strength of beams of the 
best form was found from my experiments to be, C€eteris 
paribus, nearly as the depth ; and the material in the section 
was but little increased with a large addition to the depth. 

175. From the experiments and reasoning above, Mr. 
Cubitt has drawn the conclusion of " our knowledge of the 
bestfonm and arrangements of cast iron beams not bein^ based 
upon principles the correctness of which cannot be questianed, 
(Report, page 10,) and they are offered in confirmation or 
extension^ 

176. It would appear that Mr. Cubitt had mistaken the 
object of my experiments " on the strength and best forms 
of cast iron beams." It was virtually to seek for the form 
into which a given quantity of iron could be cast, so as to 
bear the greatest weight, the length and the depth of the 
beam being constant. Mr. Cubitt's experiments seem to 
have been intended to show that a given quantity of iron 
cast into beams— all of the same length — the section being 
of various forms (as the ± section which I had represented 
as comparatively weak), would be made to bear more than 
others which I had represented as approaching to the 
strongest; this being effected merely by increasing the 
depth. 

177. A little more attention to theoretical considerations 
might equally well have shown that increasing the depth — a 
privilege I did not allow myself when seeking for the best 
form of beam — had a great influence on the strength ; and 
this might perhaps have prevented Mr. Cubitt offering to the 
public, under Her Majesty's sanction, additional examples, 
on a large scale, of weak beams. 

178. In the tabular extract of Mr. Cubitt's experiments 
I have given the sets or defects of elasticity as obtained l)y 
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that gentleman; but the length of his beams was not a 
sufficient number of times their depth for the results of the 
early sets, however carefully taken, to be any thing but an 
approximation. 

179. As Mr. Cubitt's experimental results with respect to 
the strength of beams seem to be in accordance with my 
own, and might generally be computed from them, whatever 
opinion he may have formed to the contrary, I see no reason 
to doubt that the best form of beam is obtained from the 
reasonings and experiments previously given (arts. 108 to 
144) ; and according to which many thousands of tons have 
been cast. I am preparing to repeat the leading experiments 
in my former effort on beams, on a very large scale, and to 
extend them considerably, through the liberality of an Iron 
Company. 

COMPARATIVE STRENGTH OP HOT AND COLD BLAST IRON. 

180. Having, in conjunction with Mr. Fairbairn, been 
requested, by the British Association for the Advancement of 
Science, to ascertain by experiment the comparative strengths 
of irons made by a heated and a cold blast, I will give here 
the results from my ' Report on the Tensile, Crushing, and 
Transverse Strengths of several kinds of Iron,' (Brit. Assoc, 
vol. vi. 1838,) attaching to them, in conclusion, the results 
from Mr. Fairbaim's experiments, which were on the latter 
kind of strain. 

181. As the modes in which the different kinds of experi- 
ment were made, and many of the results obtained, are given 
in the earlier pages of this work, it will not be necessary here 
to enter into detail upon that subject. I shall, therefore, 
content myself with stating, that the experiments were made 
with great care ; and in devising the apparatus, the utmost 
attention was paid to theoretical requirements. 

182. Taking only the means from all the experiments, in 
the report above mentioned, and attaching to each result a 
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immber, in a parenthesis, indicative of the number of experi- 
ments from which it has been derived, we have as follows : 

Catron Iron, No. 2 (Scotch). 



Cold bloat. 



Hot blast 



Tensile Btrength in lbs. per aquare 
inch 

Compreisive (crushing) strength 
in lbs. per square inch ; from spe- 
cimens cut out of castings pre- 
viously torn asunder . 

Crushing strength obtained from 
prisms of Tarious forms 

Do. from cylinders 

Transverse strength from all the 
experiments . . . . 

Computed power to resist impact . 

Transverse strength of ban, 1 inch 
square, and 4 feet 6 inches be- 
tween the supports, in lbs. . 

Ultimate deflexion of do. in inches . 

Modulus of elasticity in tba. per 
square inch (Part L art. 256} 

Specific gravity .... 



Ratio repreeeiit- 

iug cold blast 

by 1000. 



16683 (2) 18505 (8) 



1000: 809 



106875 (3) 108540 (2) 1000:1020 



100631 (9) 
125403 (13) 



1000 : 1001 



100738 (6) 

121685 (13); 1000: 970^ 

(11) (18) 1000: 991 

, (9), (9)1000:1005 

476 (8) 468 (8) 1000: 973 

1-813 (3); 1-337 (3) 1000:1018 






17270500 (2) 
7066 



16085000 (2) 1000 : 931 
7046 (9)1 1000: 997 



Devon /ro»i, No. 3 (Scotch), 



Cold blast. 



Tensile strength per square inch 
Compressive strength do. . 
Transverse do. from the experi 

ments generally 
Power to resist impact 
Transverse strength of bars, 1 in 

square, and 4 feet 6 inches be* 

tween the supports . 
Ultimate deflexion, do. 
Modulus of elasticity, do. . 
Specific gravity . 



(6) 

(4) 

448 (2) 

•79 (2) 

22907700 (2) 

7295 (4) 



Hot blMst. 



21907 (1) 

145435 (4) 

(5) 

W 

537 (2) 

1-09 (2) 

22478650 (2) 

7229 (2) 



Ratio repro- 

■enting cold 

blast hj 1000. 



1000:1417 
1000 : 2786 

1000 : 1199 

1000 : 1380 
1000: 981 
1000: 991 



Btiff€i^j Iron, No. 1 (EnfflUh). 



Tensile strength per square inch . 
Compressive strength do. . . 
Transverse strengtli 
Power to resist impact 
Transverse strength of bars, 1 inch 

square, aud 4 feet 6 inches 

between the supports 
Ultimate deflexion, do. 
Modulus of elasticity, do. . 
Specific gravity .... 











Ratio ropn>- 


Cold blast. 


Ilot blast 


reuting cold 










blaat by 1000. 


17466 


(1) 


13134 


(1) 


1000: 


769 


93366 


(4) 


86397 


(^) 


1000: 


925 




(5) 




(5) 


1000: 


931 




(2) 




(2) 


1000: 


962 


463 


(3) 


430 


(3) 


1000: 


912 


1-5.5 


(3) 


1-64 


(8) 


1000: 


105S 


15381200 


12) 


13730500 


(2) 


1000: 


893 


7079 




6998 


• 


1000: 


989 
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Coed^Tcdon Iron, No, 2 (Welsh). 





Cold blast. 


Hot blast 


Ratio ropro- 

sentinir oold 

blast by luOO. 


Tensile strength per square inch . 
Compressive strength do. . 
Specific gravity .... 


18855 (2) 

81770 (4) 

6955 (4) 


16676 (2) 

82739 (4) 

6968 (3) 


1000: 884 
1000:1012 
1000 : 1002 



Oarron Ji'on, No, 3 (Scotch). 





Cold blast. 


Hot blast. 


Ratio repre- 
senting cold 
blast by 1000. 


Tensile strength per square inch . 
Compressive strength do. . 
Specific gravity .... 


14200 (2) 

115442 (4) 

7135 (1) 


17765 (2) 

133440 (8) 

7056 (1) 


1000 : 1250 
1000 : 1156 
1000: 9S9 



183. Abstract of the transverse strengths, and powers to 
bear impact, as obtained from the experiments on the three 
irons first ftientioned in the preceding Table. The bars, of 
whatever form, were usually cast 5 feet long, and laid upon 
supports 4 feet 6 inches asunder. Those of 1 inch square 
being the bars from which the comparative powers to bear 
impact were computed, had their deflexions, from different 
weights, very carefully observed up to the time of fracture ; 
and as the measured dimensions of the bar usually differed a 
small quantity from those of the model, the results, both as 
to strength and deflexion, were reduced by computation to 
what they would have been if the bar had been exactly 1 inch 
square. A reduction of this nature was made in the results 
of all the experiments, except otherwise mentioned. The 
comparative power to bear impact was obtained by multiplying 
the breaking weight of a bar, 1 inch square, by its ultimate 
deflexion, the length being always the same ; a mode which 
is admissible, as appears from my experiments on the power 
of beams to bear impact (British Association, 5th Report). 
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GENERAL SUMMARY OF TRANSVERSE STRENGTHS, AND COM- 
PUTED POWERS TO RESIST IMPACT. 

184. Selecting, from the irons above, the results of the 
experiments on the transverse strength, and power to resist 
impact, of the different bars broken, and adding to them the 
results of Mr. Fairbairn's experiments (Brit, Assoc, vol. vi.), 
we have as below. 

Distance heticeen suppnrU i feet 6 inches. 



Description of iron. 



Carron, No. 2. 

Results from bars 1 inch square 
„ from all the experiments 
Devon, No. 8. 

Results from bars 1 inch square 
n from all the experiments 
BufTery, No. 1. 

Results from bars 1 inch square 
„ from all the experiments 
Muirkirk, No. 1. 

Results from bars 1 in. sq. 
Coed-Talon, No. 2, ditto 
Coed-Talon, No. 8, 
Carron, No. 8, 
Elsicar, cold, and 
Milton, hot, No. 1, 



Strenfrth of 
cold blast. 



Strengtli of 
hot blast. 



ditto 
ditto 

ditto 



'2i 



.S3 

n 

-CS u 



lb*. 
476 



448 

463 

454-2 
412-6 
563-2 
446-7 

451-5 



(3) 
(11) 

(2) 
(5) 

(3) 
(5) 

(4) 
(5) 
(4) 
(5) 

(4) 



lbs. 
463 



537 



436 



(3) 
(13) 

(2) 
(5) 

^3) 
(6) 



418-9 (4) 

416-8 (4) 

513-1 (4) 

525-7 (5) 

869-4 (4) 



Ratio of 
BtreDfftii, 
cold mast 

= 1000. 



foe. 






1000 : 
1000 : 



973' 
991 1000 



1000 : 1199 
1000 : 1417 

1000 : 942 
1000 : 931 



1000 
1000 
1000 
1000 



922 
1010 

927 
1179 



1000 : 818 



100; 



1000 : 27S( 



1000 : 96: 



1000 
1000 
1000 
1000 



82: 
12:M 

92; 
1201 



1000 : 87i 



185. These Tables contain the results of a very large 
number of experiments, made with great care upon English, 
Welsh, and Scotch iron, mostly supplied from the makers. 
They show that the irons marked No. 1, which are softer and 
richer than those of Nos. 2 and 3, are injured by the heated 
blast ; since the hot blast irons of this description are less 
capable than the cold blast ones to resist fracture, whether 
the forces are tensile, compressive, transverse, or impulsive. 

186. The irons marked No. 2, being harder than those of 
No. 1, have much less difference in their strength than the 
latter. In the Carron iron, No. 2, on which a great many 
experiments were made, the transverse strength, of the hot 
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and cold blast specimens, was as 99 : 100, and their power of 
bearing impact equal. The Coed-Talon iron of this No. gave 
the transverse strength, of hot and cold blast, as 101 : 100, 
and their power to bear impact asl23:100. In both the 
Carron and the Coed-Talon irons, the hot blast castings were 
of equal strength to the cold blast ones, to resist crushing ; 
but, in both, the strength of the hot blast was less than that 
of the cold blast, to resist tension, in a ratio of 8 or 9 to 10. 

187. The No. 3 irons seem, both in aspect and strength, 
to be generally benefited by the heated blast. In the Carron 
iron, No. 3, the hot blast was superior to the cold, in the 
power of resisting tension, compression, transverse strain, and 
impact, in a ratio approaching, in each case, that of 12 to 10. 
The Coed-Talon iron of this No. had, however, its hot blast 
kind weaker than the cold, to resist transverse strain and 
impact, in the ratio of about 93 to 100. 

The iron. No. 3, from the Devon works in Scotland, was 
weak and irregular in the cold blast castings ; but the hot 
blast iron from the same works was among ihe strongest I 
have tried. In this the ratio of the powers, of hot and cold 
blast iron, to bear pressure, was as 14 : 10 ; and to bear 
impact, as 28 : 10 nearly. 

188. In these experiments, the hot blast irons usually 
differed from the cold blast, only so far as a different mode 
of manufacture — the introduction of a heated blast with coal, 
instead of a cold blast with coke — would produce. The 
difficulty we experienced in obtaining from the makers irons 
of both kinds made from the same materials, rendered it 
necessary to make the experiments on a smaller number of 
irons than would otherwise have been tried ; but, from the 
evidence adduced, we may perhaps conclude* that the intro- 
duction of a heated blast, into the manufiacture of cast iron, 
has injured the softer irons, whilst it has frequently mollified 
and improved those of a harder nature ; and considering the 
small deterioration which the irons of the quality No. 2 have 

B B 
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sustained, and the apparent benefit to those of No. 3, 
together with the great saving effected by the heated blast, 
there seems good reason for the process becoming as general 
as it has done. It is, however, to be feared that the facilities 
which the heated blast gives, of adulterating cast iron by 
mixture, have introduced into use a species of metal very 
inferior to that used in this comparison, or that from which 
the formulae and leading results of this work have been 
obtained. 



THEORETICAL INQUIRIES WITH REGARD TO THE STRENGTH 

OF BEAMS, 

189. In the course of our remarks on the transverse 
strength of cast iron, as deduced from experiment, it was 
shown that the formulae given by Tredgold, in Part I. of this 
work, were usually inapplicable to the computation of the 
strength of that metal to resist fracture. That very ingenious 
writer — following in the track of Dr. Young, and himself 
followed by numerous others — considered bodies, when not 
overstrained, to be perfectly elastic ; and to resist extension 
and compression with equal energy. But theories deduced 
from these suppositions, however elegant, and nearly correct 
for small displacements of the fibres or particles, give the 
breaking strength of cast iron, in some cases, not half what it 
has been shown to bear by experiment (arts. 150 and 151). 
A square bar, instead of having its neutral line in the centre — 
one-half being extended and the other compressed, according 
to the suppositions above — requires to be considered as 
totally incompressible, the neutral line being close to the side, 
or even beyond it, — a matter practically impossible. This 
defect in the received theories has been shown to arise from 
the neglect by writers of an element which appears always to 
be conjoined with elasticity, diminishing its power. This 
element — ductility, producing defective elasticity — ^will be 
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attempted to be introduced into the following investigation 
but as the formulae are generally complex, and require addi- 
tional experiments to supply their constant co-efficients, the 
reader may perhaps take for practical use the approximate 
ones previously given in this Second Part. 

190. To find the position of the neutral line and the 
strength of a cast iron beam, supported at the ends, and 
loaded in the middle ; the form of a section of the beam in 
the middle being that of the figure A B D E, where B C, HE, 
represent sections of the top and bottom ribs, F G that of the 
vertical one connecting them, and N O passes through the 
neutral line. 



«^ 




o 



Let W = weight neoessary to break the beam, 

I = distance between the supports, ^ ^ 

a,a'^ N I, N K, respectively, I 

c, c'^DH, AC do. I 

&,6' = DE, AB do. N I 

$ = the thickness of the vertical rib, *" i " 

f,f=: tensile and compressive forces of the metal, in | 

a unity of section, as exerted at a distance ^ 

a on opposite sides of the neutral line, ^ 1 ^ 

x), ^ (xf) = quantities respectively proportional | 

to the forces of extension and compression 2> 

of a particle, at a distance x from the neutral line, 
n, n* s constant quantities dependent on the destruction of the elasticity of the 

material, by tensile and compressive forces. 

« 

191. The bottom rib will be in a state of tension, and the 
top one in a state of compression ; and the parts of the section 
generally will be extended or compressed according to their 
distance from the line N O. 

1st. To find the position of the neutral line. 

192. Since/. ^^ = the force of the extended fibres or par- 
ticles in a unity of section, at a distance x from the neutral 
line ; therefore, multiplying this quantity hybdx^ or hy pda^, 
we have the force of the particles in an area of the section of 
which the breadth is b or 0, and depth d x. Now the forces 
of tension, or those exerted by the particles below the line 

bb2 
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N O, may be expressed in two functions, the first represent- 
ing the forces of the particles in the section N G, and the 
other those in the section H E. 

.*./•— TT / ^ (^) ^^ -^ f-Zn:^\' I ^{«)da: = S = Buiiioftheforoe8ofteii8ion(l). 

Proceeding in the same manner with respect to the com- 
pressed particles, we have 

f, -r^ . / 4{pf)doi -k^f, ":rri' I ^' W <i^ * S' = lum of the fdrces of 

oompreBsioQ (2). 

The weight acts in a direction parallel to the section of 
fracture, and therefore the sum of the forces of extension and 
compression, being the only horizontal forces, are equal to 
each other. 

/. S = S' (8). 

193. It appears from my recent experiments that no rigid 
body is perfectly elastic ; and it has been shown (art. 99 to 
106), in extracts from communications which I made to the 
York and late Cambridge meetings of the British Association, 
that, in the flexure of bars of cast iron and stone, the defect 
of elasticity was nearly as the square of the weight applied, 
or of the deflexion, though the defect from the smaller 
deflexions seemed to increase in a somewhat lower ratio. 
Other experiments on the defect of elasticity, as exhibited in 
the flexure of bars of cast iron, wrought iron, steel, timber, 
and stone — and on the defect of elasticity in the longitudinal 
variations of bodies — will appear in a future volume of the 
British Association. ' As the latter experiments, those on 
longitudinal variation, are not at present completed, I shall 

assume <^ (^)=^"-^j and 4>' (^0=^'— j?^; where t?, v, n, n 
are supposed to be constant, and r, v to represent the powers 
of w,£e\ to which the defects of elasticity of extension and 
compression are proportional. 
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Substituting in equations (1) and (2), the values of 4> (<r) 
and 4*' (^0> ^ above, we have 



f,_^ r(^^^\d:c^f,..J^^, f(:,^^)dx^S . . . .(4). 
' »a— a*~* ,/ \ na/ ' jia— o*-' ,/ \ nay 



Perfonning the integrations of equations (4) and (5) gives 



•''na— o'~* J \ na/ na — c^^ \ 2 (r+l)na/ 






' na — a*-^ •/ V na/ na — a»-i(\2 (t; + l)na/ 

/ (g-c)' _ (a-c)»+> \ ) 
\ 2 (v + l}na/J 

•^' i'a'^'^iV V "i^i/ ''^ "n'a-a'^-iV""2 (t/ + 1) n'a/' 






-^'n'a-rt^-iV \ n'a/ n'a-a''-i{\2 (i/ + l)n'a/ 

\ 2 " (t/ + l)n'a/ ) 

Collecting together the integrals of equation (4), we have 

S, /» 5^<*' ft^*"-^' &(a-c)» i8(a-c)» 6(a--c)^» _ i3ja-c)^ ) 
na — a*~M 2 (v + l)na" 2 2 (t;+l)na (v+ l)na J 

na-a»-M \2 (« + l)na/ ^ '^'V 2 (v+l)na/J 

In like manner, 

Equating the values of S and S' gives, for the equation of 
the neutral hne, 

n-a-M \2 (v + l)a/ ^ '^^V 2 (v + l)a / J " n'-a**-* 

whei*e a =D — c, D being the depth of the beam. 
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Cor. Ist. If !;= 2, and t;' = 2, as would appear to be nearly 
the case from the experiments on the transverse flexure of 
cast iron bars, mentioned above, the equation of the neutral 
line would be 

If the beam is of the X form, having no top rib, then 
c =0, 5' = 0, and equation (7) becomes 

If d » 3'= j8, then the section of the beam is rectangular, 
as a joist ; and the equation of the neutral line (7) becomes 

Cor. 2nd. If t? == 1, and v= 1, or the defect of elasticity 
be as the extension and compression, then equation (6) will 
become 

2(n4)i ^ ^^ ^ ^^\ 2(.^_i) 

]ya'2(«'~^)-(6'-i8)(a'-0^(~-^)|;.| J6a«-(6-/J} 
(a-c)9 I «!'!&' a'«-(6'-iB)(a'-(/)2| (10). 

But this equation becomes 

/ J6ax|-(6-i8)(a-c)x5zf j^/j 6Vx |'-(y-. ^8) (a'-c')x i?^ j , 

where i a = area of the whole section of tension considered 
as a rectangular surface of which the breadth is b and depth 

a ; I = distance of centre of gravity of that section £rom the 

neutral line; (6—^3) {a — c) = area of part necessary to 

complete the rectangular surface above ; ^^ = distance of 

centre of gravity of this defective part. In like manner 
d' a = area of whole section of compression considered as a 
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rectangular surface of breadth V and depth a ; ^=i distance 
of its centre of gravity; {V^fi) {a — c') = area of part want- 
ing ; and ^-^ = the distance of its centre of gravity. 

Whence it appears that if/ =/', the neutral line will be in 
the centre of gravity of the section. 

Cor. 3rd. If the elasticity be considered as perfect, then 
fly n will be infinitely great, and taking as usual f=/y 
equation (6) will become 

5a2-(6-/5)(a-c)« = &'a'3-(6'~iB)(«'-<0=' .... (11). 

The curious circumstance of this equation being in agree- 
ment with equation (10), is rendered obvious by other reason- 
ing. For, in Cor. 2, we have 

the forces being as the extensions and compressions. 

If, on the supposition of perfect elasticity, i'= 0, and c'== 0, 
the beam being of the X fo™^ of section, having no top rib, 
the last equation will become 

6a?-(6-i8)(a-c)« = iBa'2 (12\ 

If the beam be rectangular and perfectly elastic, then 
b = b'^ Py and equation (11) becomes 



or the neutral line is in the middle. 



2nd. To find the strength of the beam, the values of «, a\ 
and consequently the position of the neutral line, having been 
previously determined, from one of the preceding equations, 
or by other means. 

194. Since, by equation (4) of the preceding article, the 
sum of the forces of extension is 
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And as the moment of each of these forces, with respect to 
the neutral line, is equal to the product of the force by its 
distance x from that line, we have for the sum of the moments 
of the forces of tension, 

-Z!^./(I.-'J!l')rf.^ /"^ ,. /(,.-^)d.,S^ . . (1,). 



m-c 



*'na-a»"i»/ \ no/ na — a'"* i 8 {y + 2)na\ 

and 



9 



«a — a*-^ »/ \ no / no — o*-* (3 (r + 



a»+« 



(v-t-2)no 



S.= 



(o--c)» (o-c)'+» ) 
8 **"(i;4-2)»or 

Whence we have, for the sum of the moments of the forces 
of the extended particles, 

=.-i;;f^,- I'-(-IS')-<'-«(-<-<'-"|?^)I "«• 

In like manner we obtain, for the sum of the moments of 
the forces of the compressed particles, 

But S^ + S^^ the sum of the moments of the forces of exten- 
sion and compression, must be equal to the product of half 
the weight laid on the middle of the beam by half the distance 
between the supports ; for we may consider the beam as fixed 
firmly in the middle, and loaded at one end with half the 
weight laid on the middle. 

.•.S, + S^=4Wx4 2=^^ (16). 

Cor. 1. If c?'= 0, and 3'= 0, the section of the beam being 
of the X form, having no top rib, we have from equation (15), 

"" 8o(n'-a''-2)V'*" (i/ + 2)o/' 

and S^ as in equation (14), for substitution in equation (16). 

Cor. 2. If Ct c , b, V are each — 0, or the beam is rectan- 
gular, as a joist, we have from equation (14) 
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from equation (15) 
where 

^^-s,+ s, (17). 

Cor. 3. If t?, V are each = 2, as would appear from the 
experiments (art. 106), then the values of S,, S^^, for the 
strength of a rectangular section in the last coroUary, give 

where - is the ratio of the depth of the compressed section to 
that of the extended one. 

On the supposition of this corollary, that i? =* t?'=*=- 2, the 
general formulae in equations (14) (15) give 

Cor. 4. If t; = t?'= 1, or the defect of elasticity is as the 
extension and compression, equations (14) and (16) give 

S.«^|6a»-(6-i8)(a-c)» | , and 
S« = -|^ ji'a'»-(6'-i8)(a'-c')»j. 

Cor. 5. If the beam be supposed to be perfectly elastic, 
then n and ri are both infinite, and we have from equations 
(14) and (15) 

agreeing with the results of the last corollary, as previously 
remarked with respect to equations (10) and (11). 

But as the body is elastic we will assume as usual /=/', 

If i = l\ and c =»c', or the top and bottom ribs are equal, 
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then, the neutral line being in the centre, a = d \ and the 
last equation gives 

T'^^Ki*"'"'^""^) ('*"■*)'} <2^)' 

a result in agreement with equation xix., art. 116 of Tredgold. 
If in this case /3 = 0, or the part between the ribs was so 
thin that it might be neglected, 

— = lTr'-<«-^)M (21). 

agreeing with art. 117 of Tredgold. 

If /B — d, or the beam is rectangular, then equation (20) 
becomes 

Wi 2/ ^ , 2/6o« /6D« 

-T'^Va''^''^—z — -r <22), 

where D is the whole depth = 2 a, a result usually arrived 
at by a much simpler process (Tredgold, art. 110). 

For other investigations on the subject of the neutral line, 
and the strength of beams variously fixed — ^the elasticity being 
supposed perfect — see Professor Moseley's 'Principles of 
Engineering and Architecture.' 

RESISTANCE TO TORSIOK. 

195. If a prismatic body, fixed firmly at one end, have a 
weight fippUed to twist it by means of a lever acting at the 
other, perpendicular to the length of the body, to find the 
resistance to twisting and to fracture. 

196. The problem here proposed has been made the sub- 
ject of an ingenious article by Tredgold in the 1st Part of 
this work ; but as it has been subjected to more recent and 
profound theoretical investigation by Cauchy and others on 
the Continent, the formulae given by Navier (' Application de 
Mecanique'), including those of Cauchy, will be inserted 
here, referring for their demonstrations to the work itself, or 
to M. Cauchy's 'Exercices de Math6matiques,' 4* ann^. 
Experimental results by Bevan, Rennie, Savart, and the 
Author, will likewise be given or noticed. 
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197. Let / = the length of the prism from the fixed end to 
the point of application of the lever used to twist it. 
T = the radius of the prism, if round. 
1^6,-=- its breadth and thickness, if rectangular. 
P = the weight acting by means of thjB lever to twist it. 
R = the length of the lever.. 

Q = the angle of torsion, at the point of application, con- 
sidered as very small. 
G = a constant for each species of body, representing the 

specific resistance to flexure by torsion. 
T =: a constant weight expressing the resistance to tor- 
sion, with regard to a unit of surface, at the time 
of fracture. 
We have then as in the following Table. 



Form of section of 
prism. 



Round 



Square . 



Bectangokr 



Rosistanoe to anaular flozuxe by a 
force of torsioQ. 



Resistance to fhwtnre by a force of 
torsion. 




Q 



= PR 



2/ 



PR.^ 



G = PR. 



8 (6» + <P) I 



T»PR. 
T=PR. 

T = PR. 



IT f^ 

6 



8 V68 + cf' 



The formulae for G are in art. 160, and those for T in 
art. 168, of the 'Application de Mecanique,' 1" partie; those 
for the rectangular prism being from Cauchy. 

198. If E be the force necessary to elongate or shorten a 
prism, the transverse section of which is a superficial unity, 
as one square inch, by a quantity equal to the length of the 
prism, the elasticity being supposed perfect, and the force 
applied in the direction of the length ; and if F be the force 
necessary to break such a prism ; then E will be the modulus 
of elasticity of the material, and F the modulus of its resist- 
ance to fracture ; and the values of G and T above will be 
connected with those of E and F by the following relations. 

^ 2B ^ 4P 
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I 

I See 'Application de Mecanique/ notes to articles 159 

and 167. 

The connexion is, however, but little in accordance with 
the results of experiment, with respect to the values of T and 
F, as might be expected from the elasticity being much 
injured previous to the time pf fracture. 

19^ The angle $ being measured by the arc due to a 
radius equal unity, if the angle were expressed in degrees, and 

represented by A, we should have ^"^* 1^5° 67-29678 ' ^^^^ 
57'29578, or -j-, is the number of degrees in the arc whose 

length is equal to radius. 

200. To obtain the values of G and T in the preceding 
Table, with respect to any particular material, as cast iron, 
we must refer to experiment, and will next insert some 
results which were kindly sent by the author, Mr. Greo. 
Rennie, in 1842, as part of a more general inquiry; noticing 
afterwards other experiments previously mentioned, besides 
some of an earlier date, quoted by Tredgold. 

201. Experiments, by Geo. Rennie, Esq., F.R.S., on the 
strength of three bars of cast iron to resist fracture by torsion. 
The bars were planed exactly one inch square, and were 
firmly fixed, at one end, in a horizontal position, and broken 
by weights acting at the other by means of an arched lever, 
3 feet in length, perpendicular to the bar, and exactly 
balanced by a counter weight. The bars were cast from the 
cupola, the first vertically, the other two horizontally. The 
former was broken with 191 lbs., and the two latter with 
231 ibs. each. 

202. To determine from the preceding experiments the 
value of T, the modulus of resistance to fracture by torsion, 

in the formula, T = PR.-=^' for a square prism, — taking 

the weights in pounds, and the dimensions in inches, — we 
haveR=36, df = l, and T=P x'-^J^^- 152-735 x P. 



No. 8 


. T- 42020-4 


« 4 . 


. . T = 89474-0 


„ 6 


. T« 861980 


„ 7 . 


. . T = 88296-4 



Mean 27684 lbs. 
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Ju the horizontal castiug P =: 191, .*. T » 29172-4 ) Mean 
In the yertical castings P =281, . *. T » 85281*8 ( 82227 lbs. 

If R were taken in feet and the rest in inches, and pounds, 
as before, the value of T would be 2685*6. 

203. The experiments of Messrs. Bramah on the torsion 
of square bars of cast iron (Tredgold, art. 85) give for T, 
taking the dimensions in inches, 

;2020-4 ^ 

Mean 87747 lbs. 

204. Mr. Dunlop's experiments on the torsion of cylinders, 
varying, in diameter, from 2 to 4^ inches, and in length from 
2f to 6 inches, the leverage being 14 feet 2 inches (Tredgold, 

art. 85), give, from the formula T = PR. —^f as foUows. 

In Experiment No. 2, T = 27056*4 ^ 

8, T = 29187-6 

5, T = 29142-0 

6, T = 29509-2 

8, T = 27286-8 

9, T = 26217-6 
10, T = 24888-4 J 

Taking a mean from the three mean results last obtained 
gives, T = 32503 ibs. ; the dimensions being in inches. 

205. Putting this value for T, in the formula (art. 197), 
and transposing, we obtain the following value of PR. 

In a cylinder . . . P R = 51055 . r^. 

In a square prism . . P R = 7661 . cP. 

I^cP 
In a rectangular prism . . PR = 10834.— p_ l_. 

vP + cP 

206. If R be taken in feet, as was supposed by Tredgold, 

art. 265, we shall have, for a square prism, P= ^~-'. 

Hence his co-efficient, 150, being less than ^th of that of 
fracture, ma;^ be regarded as perfectly safe for practical 
application. 

207. Mr. Benjamin Sevan gave, 'in the 'Philosophical 
Transactions' for 1829, a memoir containing numerous 
experiments " on the modulus of torsion." 

They were principally on timber> but contained a small 
Table of the modulus of torsion of metals. Mr. Sevan 
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defined this modulus by the value of T in the following 
equation for a square prism, twisted as before described : 

R2ZP , 

where 5 is the deflexion, considered as very small, and the 
rest of the notation as before ; the lyeights and the dimen- 
sions being in pounds and inches. 
We have from above j^ ^ p j 

dPr " R' 

and as -^ is the deflexion at a unity of distance, and very 
small, it may be taken for the arc. 

RZP ^ u m PRi 

•••d^=«. where T=.^. 

But from the Table (art. 197), G=PR. J^^=^, /. 
G=6T. 

208. Mr. Bevan flnds the modulus T in cast iron, whose 
specific gravity is 7'163, to be as below. 

940000 ) 

963000 y Mean 951600 Iba. 

952000 ) 

The moduli of wrought iron and steel were nearly equal to 
each other ; and a mean from the results of eight experiments 
on iron and three on steel, gave, for T, 1779090 fts. 

209. Mr. Bevan found the modulus T to be j^th of the 
modulus of elasticity in metallic substances. 

But it was shown above that G = 6 T, .\G=^ of the 
modulus of elasticity ; which differs from f, as computed by 
Cauchy (art. 198), only as 16 to 15. 

210. Multiplying Mr. Bevan*s mean values of T by six 
we obtain, 

In caafe iron G = 951600 x 6 » 5709600 fbs. 

In wrought iron and steel . . G » 1779090 x 6 = 10674540 ttka. 

211. Substitute in the formulae (art. 197) the value of G, 
as obtained from the above experiments on cast iron, and 
transposing, we have as below. 

H 6 
For a cylinder .... PR = 8968620- -y~. 

« . d* 

For a square pnsm . . . P R » 951600* —r- • 
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212. The experiments of Mr. Bevan seem to have been 
very carefully made, extra precaution being used both to 
prevent friction and to obtain correct measures ; but a source 
of error may have arisen from computing, by a less accurate 
formula than Cauchy's, the results from those rectangular 
prisms which differed considerably from squares. 

213. Some experiments of my own, upon the torsion of 
cylinders of wrought iron and steel, made some years since, 
at the request of Mr. Babbage, but not yet pubUshed, showed 
that the angle of torsion was very nearly as the weight, as 
had previously been shown by Savart (Annales de Chimie et 
de Physique, Aug. 1829). 

214. The object of M. Savart's able Memoir was to compare 
the theory of torsion, as given by Poisson and Cauchy, with 
the results of experiment ; and though his experiments were 
made on brass, copper, steel, glass, oak, &c. — ^and included 
none on cast iron — it may not be amiss to give here the gene- 
ral laws which he deduces from them. They are as below. 

1st. Whatever be the form of the transverse section of the 
rods (subjected to torsion), the arcs of torsion are directly pro- 
portional to the moment of the force and to the length. 

2nd. When the sections of the rods are similar, whether 
circular, triangular, square, or rectangular, much elongated, 
the arcs of torsion are in the inverse ratio of the fourth power 
of the linear dimensions of the section. 

8rd. When the sections are rectangles, and the rods possess 
an uniform elasticity in every direction, the arcs of torsion are 
in the inverse ratio of the product of the cubes of the trans- 
verse dimensions, divided by the sum of their squares ; from 
whence it follows that, if the breadth is very great compared 
with the thickness, the arcs of torsion will be sensibly in the 
inverse ratio of the breadth and of the cube of the thickness. 

These laws, M. Savart observes, are in exact agreement 
with those of Cauchy, both for cylindrical and rectangular 
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sections; showing tliat his formulae (art. 197) are constructed 
on principles which may be applied with safety. When the 
elasticity is not uniform, the laws are somewhat modified. 

215. In concluding this notice of experiments on the strength 
and other properties of cast iron, which may, perhaps, on a 
future occasion be extended in various ways, I would refer 
the reader desirous of information on the eflfects of expansion 
and contraction, upon structures, by heat, to a Memoir * on 
the Expansion of Arches ' through the changes of ordinary 
temperature, by Mr. George Rennie. This Memoir contains 
experiments on the rise of the arches in the Southwark 
Bridge, which is of cast iron, having three rows of arches in 
length, containing in the whole about 5560 tons of iron. 
Mr. Rennie made experiments upon the rise of the arches in 
each row ; from which it appears that the me of an arch, 
whose span is 246 feet and versed sine 23 feet 1 inch, is 
about ^th of an inch for each degree of Fahrenheit, making 
1^ inch for a difference of 50°. Mr. Rennie gives a Table of 
experiments of his own upon the expansion of iron and stone, 
with others from M. Destigny ; and concludes that there is 
no more danger to the stability of iron bridges, from the 
effects of expansion and contraction, than to those of stone ; 
for when the abutments are firmly fixed, the arches have no 
alternative but to rise or fall. 

The effects of percussion and vibration upon bodies, par- 
ticularly cast iron, have been much further inquired into 
since the time of Tredgold ; and upon these subjects I beg to 
refer the reader to a Memoir of my own on the effects of 
"Impact upon Beams," in the 5th Report of the British 
Association, 1835. The object of this Memoir was to com- 
pare theory with experiment, deducing practical conclusions. 

THE END. 
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41. PAINTING ON GLASS, from the German of Fromberg. U. 
69. MUSIC, Treatise on, by C. C. Spenoer. 2». 

71. THE ART OP PLAYING THE PIANOFORTE, by 0. C. 
Spenoer. Is. 

7, STATIONERS' HALL COURT, LUDGATE HILL. 



6 WORKS IN MECHANICS, ETC. 

LEGAL TREATISES. 

60. LAW OF CONTRACTS FOR WORKS AND SERVICB8, 

by David QibbonA. Is. 6d. 
107. THE COUNTY COURT GUIDE, by a Barrister. U. 6rf. 
iU». METROPOLIS LOCAL MANAGEMENT ACTS. U. tW. 
108*. METROPOLIS LOCAL MANAGEMENT AMENDMENT 

ACT, 1862; with Notes and Index. U. 
Aos. 108 and 106* in I voL^ 2s. 9d. 

109. NUISAI7CES REMOVAL AND DISEASES PREVENTION 

AMENDMENT ACT. It. 

110. RECENT LEGISLATIVE ACTS applying to Oontracton, 

Merchants, and Tradesmen, is. 

161. THE LAW OF FRIENDLY, PROVIDENT, BUILDING, 

AND LOAN SOCIETIES, by N. White. U. 
163. THE LAW OF PATENTS FOR INVENTIONS, by F. W. 

Campin, Barrister. 2s, 



MECHANICS & MECHANICAL ENQINEERINQ. 

6. MECHANICS, by Charles Tomlinson. 1*. (jd. 
12. PNEUMATICS, by Charles Tomlinson. New Edition. U 6d. 

33. CRANES AND BiACHINERY FOR RAISING HEAVY 

BODIES, the Art of Constructing, by J. Glynn. U. 

34. STEAM ENGINE, by Dr. Lardner. U. 

69. STEAM BOILERS, their Construction and Managenient, by 
R. Armstrong. With Additions by R. Mallet. Is. Gd. 

63. AGRICULTURAL ENGINEERING, BUILDINGS, MOTIVE 
POWERS, FIELD MACHINES, MACHINERY AND 
IMPLEMENTS, by G. H. Andrews, C.E. 3«. 

67 CLOCKS, WATCHES, AND BELLS, by E. B. Denison. New 
Edition, with Appendix. 3«. i^d. 

Apjhnidix {to the A(h and 5th Edition* • separaieJy^ 1*. 

77*. ECONOMY OP FUEL, by l . S. Prideaux. U. 6rf. 

78*. THE LOCOMOTIVE ENGINE, bv G. D. Dempsey. \s. 6rf. 

79*. ILLUSTRATIONS TO THE ABOVE. 4to. 4*. 6rf. 

80. MARINE ENGINES, AND STEAM VESSELS, AND THE 
SCREW, by Robert Murray, C.E., Engineer Surveyor to the 
Board of Trade. Fifth Edition, revised and augmented, with 
a Glossary of Technical Terms, with their equivalents in 
French, German, and Spanish. 3«. 

89. WATER POWER, as applied to Mills, &e., by J. Glynn. 2s. 

»7. STATICS AND DYNAMICS, hv T.Baker. New Edition. \s.^. 

98. MECHANISM AND MACHINE TOOLS, by T. Baker; and 
TOOLS AND MACHINERY, by J. Nasmyth. 2*. fW. 

ll.S*. MEMOIR ON SWORDS, by Col. Marey, translated by Lieut.- 
Col. H. H. Maxwell. 1*. 



PUBLISHED BY LOCKV\OOD A CO., 



NAVIGATION AND NAUTICAL WORKS. 



114. MACHINERY, Construction and Working, by C.B.Abel. U.6d. 

1 15. PLATES TO THE ABOVE. 4to. 7s. 6rf. 
125. COMBUSTION OF COAL, AND THE PREVENTION OF 

SMOKE, by C. Wye WilUama, M.I.C.E. Ss. 

139. STEAM ENGINE. Mathematical Theory of, by T.Baker. U. ! 

166. ENGINEER'S GUIDE TO THE ROYAL AND MER- 
CANTILE NAVIES, by a Practical Engineer. Revised by 
D. F. McCarthy. 3js. 

162. THE BRASSFOLTfDER'S MANUAL, by W.Graham. 28. Qd, 

164. MODERN WORKSHOP PRACTICE. By J. G. Winton. Ss. 

*^* J<''ew Volumes in preparation : — 

IRON AND HEAT, Exhibiting the Principles concerned in 
the Construction of Iron Beams, Pillars, and Bridge Girders, 
and the Action of Heat in the Smelting Furnace, by Jamrs 
Armour, C.B. Woodcuts. [Jttst ready. 

POWER IN MOTION: Horse Power, Motion, Toothed Wheel 
Gearing, Long and Short Driving Bands, Angular Forces, &c., 
by Jamks Armour, C.E. With 73 Diagrams. [/« the press. 

THE APPLICATION of IRON to BUILDING STRUC- 
TURES, &c., by Francis Campin, C.E. With Illustrations. 

[In the press. 

THE WORKMAN'S MANUAL OF ENGINEERING 
DRAWING, by John Maxton, Instructor in Engineering 
Drawing, Royal School of Naval Architecture and Marine 
Engineering, South Kensington. Plates and Diagrams. 
i [In the presn. 

MINING TOOLS. For the Use of Mine Manaws, Agents, 
Mining Students, &c , by ^William Morgans, Lecturer on 
« Practical Mining at the Bristol School of Mines. 12mo. With 

an Atlas of Plates, containing 200 Illustrations. 4to. 

[In the press. 

TREATISE ON THE METALLURGY OF IRON; con- 
taining Outlines of the History of Iron Manufacture, Methods 
of Assay, and Analysis of Iron Ores, Processes of Manufacture 
of Iron and Steel, &c., by H. Bauerman, F.G.S., A.R.S.M. 
Second Edition, revised and enlarged. Numerous Woodcivts. 



NAVIGATION AND SHIP-BUILOINQ. 

51. NAVAL ARCHITECTURE, by J. Peake. 3«. 

53». SHIPS FOR OCEAN AND RIVER SERVICE, Construction 

of, by Captain H. A. Sommerfeldt. \s. 
63**. ATLAS OF 15 PLATES TO THE ABOVE, Drawn for 

Practice. 4to. Is. 6df. 
54. MASTING, MAST-MAKING, and RIGGING OF SHIPS, 

by R. Kipping. Xs. 6rf. 

7, STATIONERS' HALL COURT, LUDGATE HILL. 



8 SCIENTIFIC WORKS. 

54*. IBON SmP-BUILDma, bj J. arantham. Fifth Edidon, 
with Supplement. 4^. 

54**. ATLAS OF 40 PLAT£S to illustrate the preceding, includ- 
ing numerouB Modem Examples^*' The Warrior," "Her- 
cules," " Bellerophon," &c. 4to. 38*. 

55. NAVIGATION ; the Sailor's Sea Book : How to Keep the Log 
and Work it off, Law of Storms, &c., by J. Greenwood. 2s, 

83 bis, SHIPS AND BOATS, Form of, by W. Bland. U, ^d, 

99. NAUTICAL ASTEONOMY AND NAVIGATION, by J. R. 
Young. 2s. 

100*. NAVIGATION TABLES, for Use with the above. U, 6d. 

106. SHIPS' ANCHORS for all SERVICES, by G. Gotsell. U. W. 

149. SAILS AND SAIL-MAKING, by B. Kipping, N JL 2ff. 6^ 



PHYSICAL AND CHEMICAL SCIENCE. 

1. CHEMISTRY, by Prof. Fownes. With Appendix on Agri- 

cultural Chemistry. New Edition, with Index. I«. 

2. NATURAL PHILOSOPHY, by Charles Tomlinson. 1*. 

3. GEOLOGY, by Major-Gen. Portlook. New Edition, with 

Index. La, (k2. 

4. MINERALOGY, by A. Ramsay, Jun. Ss. 

7. ELECTRICITY, by Sir W. S. Harris. U, Qd, 

7*. GALVANISM, ANIMAL AND VOLTAIC ELECTRICITY, 
by Sir W. S. Harris. U, Qd, 

8. MAGNETISM, by Sir W. S. Harris. 3if. 64. 

Abs. 7, 7*. and 8 in 1 vol. cloth boarcUty 7*. M, 

11. HISTORY AND PROGRESS OF THE ELECTRIC TELE- 
GRAPH, by Robert Sabine, C.E., F.S.A. Ss. 

72. RECENT AND FOSSIL SHELLS (A Manual of the Mollnsoa), 
by S. P. Woodward. With Appendix by Ralph Tate. F.G.S. 
ds. 6d. ; in cloth boards, 7s. 6<f. Appendix separately. Is, 

79»*. PHOTOGRAPHY, the Stereoscope, Ac., from the French 
of D. Van MonokhoTen, by W. H. Thomthwaite. U, 6i. 

96. ASTRONOMY, by the Rev. R. Main. New and Enlarged 
Edition, with an Appendix on " Spectrum Analysis." Is, 6d. 

133. METALLURGY OF COPPER, by Dr. R. H. Lambom. 2». 

134. METALLURGY OF SILVER AND LEAD, by Dr. R. H. 

Lamborn. 2s. 

135. ELECTRO -METALLURGY, by A. Watt,. 2*. 

138. HANDBOOK OF THE TELEGRAPH, bj R. Bond. New 

and enlarged Edition. Is. 6d, 
143. EXPERDOSNTAL ESSAYS— On the Motion of Camphor 

and Modem Theory of Dew, by C. Tomlinson. t*^^ 
161. QUESTIONS ON MAGNETISM, ELECTRICITY, AND 

PRACTICAL TELEGRAPHY, by W. McGregor. U, ed, 

PUBLISHED BY LOCKWOOD 4 CO., 



EDUCATIONAL WORKS. 



MISCELLANEOUS TREATISES. 

12. DOMESTIO MEDICINE, by Dr. Balph Gooding. &. 

112*. THE MANAGEMENT OP HEALTH, by James Baird. 1*. 

113. USB OF FIELD ARTILLERY ON SEBYICE, byTftubert, 
translated by Lieut.-Col. H. H. Maxwell. U. 6d, 

150. LOGIC, PURE AND APPLIED, by S. H. Emmens. 1«. W. 

162. PRACrriCAX HINTS FOR INVESTING MONEY: with 

an Explanation of the Mode of Transacting Biuiness .on the 
Stock Exchange, by Francis Playford, Sworn Broker. U. 

163. LOCKE ON THE CONDUCT OF THE HUBiAN UNDBIU 

STANDING, Selections from, by S. H. Emmens. 2«. 



NEW 8EBIE8 OF EDUCATIONAL WORKS. 



1. ENGLAND, History of, by W. D. Hamilton. 6^; cloth boards, 
6«. (Also in 6 parts, price la, each.) 

6. GREECE, History of, by W. D. Hamilton and B. Leyien, M.A. 

2s. 6d. ; cloth boards, 3s. Qd. 

7. ROME, History of, by E. Levien, M.A. 2s. Qd. ; cloth boards, 

3*. ed. 

9. CHRONOLOGY OF HISTORY. LITERATURE, ART, 
and Progress, from the earliest period to the present time. 
28. 6d. ; cloth boards, 3«. iod. 

11. ENGLISH GRAMMAR, by Hyde Clarke, D.C.L. U. 

11*. HANDBOOK OF COMPARATIVE PHILOLOGY, by Hyde 
Clarke, D.C.L. U. 

12. ENGLISH DICTIONARY, containing abore 100,000 words, 

by Hyde Clarke, D.C.L. 3«. ed. ; cloth boards, 4$. ed. 

, with Grammar. Cloth bds. 6». 6«f. 

14. GREEK GRAMMAR, by H. C. Hamilton. Is. 

16. DICTIONARY, by H. R. Hamilton. Vol. 1. Greek- 
English. 2s. 

17. Vol. 2. English— Greek. 2*. 

Complete in 1 yoL 4«. ; doth boards, 6». 

, with G^rammar. Cloth boards, 6«. 



19. LATIN GRAMMAR, by T. Goodwin, M.A. U. 

20. DICTIONARY, by T. Goodwin, MJu Vol. 1. Latin 



22. 



— ^English. 2s. 



VoL 2. English— Latin. ]». Qd. 



Complete in 1 toL 3«. 6d. ; cloth boards, 4s. ed. 

-, with Grammar. Cloth bds. Jbs. ed. 



24. FRENCH GRAMMAR, by G. L. Strauss. Is. 



7, STATIONERS' HALL COURT, LUDGATE HILL. 
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EDUCATIONAL WORKS. 



26. FRENCH DICTIONARY, by A. Elires. VoL 1. Prendi— 
English. 1«. 

26. VoL 2. English— French. 1». 6rf. 

Complete in 1 yoL 2«. 6d. ; cloth boards, Ss. 6</. 

, with Qnunmar. Cloth bds, 4«. 6rf- 

27. ITALIAN GRAMMAR, by A. Elwes. U, 

28. TRIGLOT DICTIONARY, by A. Elwes. Vol. 1. 

Italian — ^English — French. 2«. 

30. Vol. 2. English— French— Italian. 2». 

32, Vol. 3. French— Italian— English. 28. 

Complete in 1 vol. Cloth boards, 7s. W. 

, with Grammar. Cloth bds. 8». 6rf. 

34. SPANISH GRAMMAR, by A. Elwes. U. 
36. ENGLISH AND ENGLISH-SPANISH DIC- 
TIONARY, by A. Elwes. 4«. ; cloth boards, 6«. 

■, witii Grammar. Cloth boards, 6». 

39. GERMAN GRAMMAR, by G. L. Strauss. U. 

40. 

41. 



42. 
43. 



READER, from best Authors. 1«. 

TRIGLOT DICTIONARY, by N. E. S. A. Hamilton. 

VoL 1. English — G^man — ^French. 1«. 

Vol. 2. German — French — English. 1«. 

Vol. 3. French — G^erman — English. 1». 

Complete in 1 vol. 3». ; doth boards, 4a. 

with Grammar. Cloth boards, 5«. 



41 HEBREW DICTIONARY, by Dr. Bresslau. VoL 1. Hebrew 
—English. 6«. 
, with Grammar. 7*. 

46. Vol. 2. English— Hebrew. 3». 

Complete, with Grammar, in 2 vols. Cloth boards, 12#. 

46*. GfRAMMAR. by Dr. Bresslau. U. 

47. FRENCH AND ENGLISH PHRASE BOOK. U. 

48. COMPOSITION AND PUNCTUATION, by J. Brenan. U. 

49. DERIVATIVE SPELLING BOOK, by J. Rowbotham. l».6rf. 
60. DATES AND EVENTS. A Tabular View of English History, 

with Tabular G^grapby, by Edgar H. Rand. [In Preparation. 



ITEW EEADINO BOOKS, 

Adapted to the Requirements of the Revised QhU, entitled 

THE SCHOOL MANAGERS' SERIES. 

Edited by the Rev. A. R. Grant, Rector of Hitcham, and Honorary 
Canon of Ely; formerly H.M. Inspector of Schools. 
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PUBLISHED BY LOCKWOOD 4 CO., 



EDUCATIONAL AND CLASSICAL WORKS. 11 

GREEK ANB LATIN CLASSICS. 

With Explanatory Notes in Englich. 



LATIN SERIES. 

1. A NEW LATIN BELEOrnS, with Yooabularies and 

Notes, by H. Yoong U, 

2. CJESAR. Be Bello Gallioo ; Notes by H. Young . . 2». 

3. CORNELIUS NfiPOS; Notes by H. Ypung . . . 1#. 

4. yiEGIL. The Georgics, Bucolics, and Doubtful Poems; 

Notes by W. Bushton, M.A., and H. Young . Is, Qd. 

5. VIRGIL, -ffineid ; Notes by H. Young . . . 2». 

6. HORACE. Odes, Epodes, and Carmen Seculare, by H.Young Is. 

7. HORACE. Satires and Epistles, by W. B. Smith, M. A. U. 6d. 

8. SALLUST. Catiline and Jugurthine War; Notes by 

W. M. Donne, B.A U.6d, 

9. TERENCE. Andria and Heautontimorumenos ; Notes by 

the Rer. J. Davies, MJL U,6d. 

10. TERENCE. Adelphi, Hecyra, and Phormio; Notes by 

the ReT. J. Davies, MJL 2«. 

11. TERENCE. Eunuchus, by Rer. J. Davies, M.A. . U. 6d. 

JNbs, 9, 10, emd U in 1 ro/. cioth boards, fts. 

12. CICERO. Oratio Pro Sexto Roecio Amerino. Edited, 

with Notes, &c., by J. Davies, M.A. {Just rsady.) , . 1«. 

14. CICERO. De Amicitia, de Senectute, and Brutus ; Notes 

by the Rev. W. B. Smith, MJL 2f . 

16. LIVY. Books i., ii., by H. Young . . . . 1*. W. 
16*. LIVY. Books iii., iv., v., by H. Young . . . 1*. 6<i. 

17. LIVY. Books xxi., xxii., by W. B. Smith, M.A. . 1«. 6rf. 

19. CATULLUS, TIBULLUS, OVID, and PROPERTIUS. 

Selections from, by W. Bodham Donne . . . . 2». 

20. SUETONIUS and the later Latin Writers, Selections from, 

by W. Bodham Donne 2ff. 

21. THE SATIRES OP JUVENAL, by T. H. S. Escott, M.A., 

of O.ueen's College, Oxford \s, 6cf. 

7, STATIONERS' HALL COURT, LUDGATE HILL. 
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EDUCATIONAL AND CLASSICAL WORKS. 



GREEK SERIES. 



1. A NBW GREBE DBLEOTUS, by H. Young . U. 

2. XBNOPHON. AnabasiB, i. ii. iii., by H. Young . . U. 

3. XENOPHON. Anabaflis, iy. y. yi. yii., bj H. Yonng . U. 

4. LXJOIAN. Select Dialogues, by H. Young . . . 1«. 

5. HOMER. Hiad, i. to yl, bj T. H. L. Leary, D.C.L. U, ed, 

6. HOMER, niad, yii. to xii., by T. H. L. Leary. D.C.L. U. 6d. 

7. HOMER, niad, ^ii. to xviU., by T. H. L. Leary, D.C.L. Is. W. 

8. HOMER. Iliad, zix. to zxiy., by T. H. L. Leary, D.C.L. U. Bd. 

9. HOMER. Odyssey, i. to yi., by T. H. L. Leary, D.C.L. 1#. 6d. 

10. HOMER. Odyssey, yii. to xii., by T. H. L. Leary, D.CJj. U, 6<2. 

11. HOMER. Odys8ey,xiii.toxyiii.,byT.H.L.Leary,D.C.L.U6<2. 

12. HOMER. Odyssey, xix. to xziy. ; and Hymns, by T. H. L. 

Leary, D.C.L 2ff. 

13. PLATO. Apologia, Onto, and Pfa«do, by J. Dayies, MJL 2». 

14. HERODOTUS, Books i. ii., by T. H. L. Leary, D.C.L. U. 6d. 

15. HERODOTCS, Books iii. iy., by T. H. L. Leary, D.CX. U. Qd. 

16. HERODOTUS, Books y. yi. yii., by T. H. L. Leary, D.C X. U Qd. 

17. HERODOTUS, Books yiii. iz., and Index, by T. H. L. 

Leary, D.CX 1#. 6<i. 

18. SOPHOCLES. (Edipus Tyrannus, by H. Young . . U. 
20. SOPHOCLES. Antigone, by J. Milner, B.A. . . . 2^. 
23. EURIPIDES. Hecuba and Medea, by W. B. Smith, MJL. U. 6d. 
26. EURIPIDES. Aloestis, by J. Milner, BA. . . . 1<. 
30. .SSCHYLUS. Prometheus Yinctus, by J. Dayies, M.A. . U. 
32. ^SCHYLUS. Septem contra Thebas, by J. Dayies, M.A. 1«. 

40. ARISTOPHANES. Achamenses, by 0. S. D. Townshend, 

M.A l#.6rf. 

41. THUCYDIDES. Peloponnesian War. Book i., by H. Young U. 

42. XENOPHON. Panegyric on Ageeilaus, by LI. F.W.Jewitt l«.6tf. 

LOCKWOOD A CO., 7, STATIONERS' HALL COURT. 
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NEW & STANDARD WORKS 

IN 

ENGINEERING, ARCHITECTURE, 
AGRICULTURE, MATHEMATICS, MECHANICS, 

SCIENCE, &c &c. 

PUBUSHBD BY 

LOGKW^OOD & CO., 

7, STATIONERS'-HALL COURT, LUDGATE HILL, E.C. 



ENGINEERING, SURVEYING, &c. 

1 

Humberts New Work on Water-Supply. 

A COMPREHENSIVE TREATISE on the WATER-SUPPLY 
of CITIES and TOWNS. By William Humber, Assoc. Inst. 
C.E., and M. Inst M.E. Author of "Cast and Wxought Iron 
Bridge Construction," &c. &c This "work, it is expected, will con- 
tain about 50 Double Phites, and upwards of 250 pages of Text 
Imp. 4to, l^f bound in morocco, [/ft the press, 

*»* In accumulating informatwn for this volume^ the Author has 
been 'very liberally assisted by severed professional friends^ who have 
nuule this department of engineering their special study. He has thus 
been in a position to prepare a work which^ within the limits of a 
single volume, will supply the reader with the most complete and 
reliable information upon all subjects, theoretical and practiced, con- 
nected with water supply. Through the kindness of Messrs, Ander^ 
son, Bateman, Hawksley, Homersham, Baldwin Latham, Lawson, 
Milne, Quick, Rcnjolinson, Simpson, and others, several works, con^ 
structed and in course of construction, from the designs of these genHe- 
men, will be fully illustrated and described, 

AMONGST OTHER IMPORTANT SUBJECTS THE POLLOWING WILL BE TREATED 

IN THE text:— 

Historical Sketch of the means that have been proposed and adopted for the Supply 
of Water. — Water and the Foreign Matter usually associated with it. — Rainfall and 
Evaporation. — Springs and Subterranean Lakes. — Hydraulics.— The Selection of 
Sites for Water Works. — ^Wells. — Reservoirs. — Filtration and Filter Beds. — Reservoir 
and Filter Bed Appendages.-~Pumps and Appendages. — Pumpins Machine^.— 
Cidverts and Conduits, Aqueducts, Syphons, &c.— Distribution of Water. — ^Water 
Meters and general House Fittings.— <x>st of Works for the Supply of Water.— Con< 
stant and Intermittent Supply. — Suggestions for preparing Plans, ftc ftc, together 
with a Description of the numerous Works illustrated, viz : — Aberdeen, Bideford, 
Cbckermouth, Dublm, Glasgow, Loch Katrine, Liverpool, Manchester, Rotherham, 
Stmderland, and several others ; with copies of the Contract, Drawings, and Specifi- 
cation in each case. 
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Humbers Modem Engineering. First Series. 

A RECORD of the PROGRESS of MODERN ENGINEER- 
ING, 1863. Comprising Civil, Mechanical, Marine^ Hydranlic, 
Railway^ Bridge, and other Engineering' Works, Ac. By William 
H UMBER, Assoc. Inst C.E., &c. Imp. 4to, with 36 Doable 
Plates, drawn to a large scale, and Photographic Portrait of John 
Hawkshaw, C.E., F.R.S., &c Price 3/. 3^. half morocco. 

List of the Piates. 

NAMB AND DKSCKIPTION. PLATBS. NAMB OP BNCtNBKS. 

Victoria Station and Roof— L. B.& S. C Rail x to 8 Mr. R. Jacomb Hood, CE. 

Southpoit Pier 9 and xo Mr. James BnialecSi CE. 

Victoria Stationand Roof— L. C. & D. ft G. W. 

Railways zztoxsA Mr. John Fowler, CE. 

Roof of Cremome Music Hall 16 Mr. William Humber, CE. 

Bridee over G. N. Railway 17 Mr. Joseph Cubht, CE. 

Roof of Station— Dutdi Rhenish Railway .. z8andx9 Mr. Buschedi, CS. 
Bridge over the Thames— West London Ex- 

tennon Railway • ao to 24 Mr. William Baker, CE. 

Armour Plates 95 Mr. James Chalmers, CE 

Suspension Bridge, Thames.. a6 to ag Mr. Peter W. Barlow, CE. 

The Allen Engine 30 Mr. G. T. Porter, M.E. 

Suspension Bridge, Avon 31 to 33 Mr. Jdm Hawkahaw, CE. 

and W. H. Barlow, CE. 

Undeiground Railway 34 to 36 Mr. John Fowler, CE. 

With copious Descriptive Letterpress, Spedfications, &c 



If 



Handsomely lithographed and printed. It will find fiivour with many who desire 
to preserve in a permanent form c<^es of the plans and specifications prepared fat the 
guidance of the contractors for many important engineenng works."— ir«/»wrr. 



Humbers Modem Engineering, Second Series. 

A RECORD of the PROGRESS of MODERN ENGINEER- 
ING, i8i54 ; with Photographic Portrait of Robert Stephenson, 
C. E. , M. P. , F. R. S. , &c. Price 3/. 3J. half morocco. 

List of the Plaits, 

NAMB AND DESCRfPTION. PLATBS. NAMB OF BKGIMBSB. 

Birkenhead Docks, Low Water Basin x to 15 Mr. G. F. Lyster, CE. 

Charine Cross Station Roof— C C. Railway. r6 to 18 Mr. Hawkshaw, CE. 

Digswell Viaduct— Great Northern RaSway. 19 Mr. J. Cuhitt, CE. 

Robbery Wood Viaduct— Great N. Railway. ao Mr. J. Cubitt, CE. 

Iron Permanent Wav. aoa — 

Clydach Viaduct — Merthyr, Tredegar, and 

Abet^venny Railway sv Mr. Gardno', CE. 

Ebbw Viaduct ditto ditto ditto aa Mr. Gardner, CE. 

Colle|(e Wood Viaduct— Cornwall Railway . . 33 Mr. Brunei 

Dubhn Winter Palace Roof 34 to s6 Messrs. Ordish&LeFeuvre. 

Bridge over the Thames— L. C & D. Railw. 37 to 33 Mr. J. Cubitt. CE. 

Albert Harbour, Greenock 33 to 36 Messrs. Bell & Miller. 

With copious Descriptive Letterpress, Specifications, &c. 



(f 



A trnrm/ of all the more interesting and important works IsUdy completed in Gnat 
Britain ; and containing, as it does, carefully executed drawings, with full working 
details, will be found a valuable accessory to the profession at large.** — Engmetr. 

** Mr. Hnmber has done the profession good and true service, by the fine collection 
of examples he has here brougnt before tne profession and the public " — Practice 



^ 
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Humberts Modern Engineering. Third Series. 

A RECORD of the PROGRESS of MODERN ENGINEER- 
ING, 1865. Imp. 4to, with 40 Double Plates, drawn to a large 
scale, and Photc^raphic Portrait ofT. R. M 'Clean, Esq., late Pre- 
sident of the Institution of Civil ^igineers. Price 3/. 3J. half 
morocco. * 

List of Plata and Diagrams, 



MAIN DRAINAGE, METROPOLIS. 
North Sidb. 

Map showing Interception of Sewers. 

Middle Level Sewer. Sewer under Re- 
gent's Canal. 

Middle Level Sewer. Junction with Fleet 
Ditch. 

Outfall Sewer. Bridge over River Lea. 
Elevation. 

Outfall Sewer. 
Details. 

Outfall Sewer. 
Details. 

Outfall Sewer. 



Bridge over River Lea. 
Bridge over River Lea. 



....... w>. WT ^ . Bridgn over Marsh Lane, 

North Woolwich Railway, and Bow and 

Barking Railway J[unction. 
Outfall Sewer. Bndge over Bow and 

Barking RaQway. Elevation. 
Out&Il Sewer. Bridge over Bow and 

Barkinff Railway. ^ Details. 
Outfall ^wer. Bridge over Bow and 

Barking Railway. Details. 
Outfall Sewer. Bridge over East London 

Waterworks' Feeder. Elevation. 
Outfall Sewer. Bridge over East London 

Waterworks' Feeder. Details. 
Outfall Sewer. Reservoir. Plajn. 
Outfall Sewer. Reservoir. Section. 
Outiall Sewer. Tumbling Bay and Outlet. 
OutfaJl Sewer. Penstocks. 

South Sidb. 

Outfall Sewer. Bermondsey Branch. 

Outfall Sewer. Bermondsey Branch. 

Outfall Sewer. Reservoir and Outlet 
Plan. 



MAIN DRAINAGE, METROPOLIS, 
continued— 

Outfall Sewer. Reservoir and Outlet. 

Details. 
Outfall Sewer. Reservoir and Outlet. 

Details. 
Outfall Sewer. Reservoir and Outlet. 

Details. 
Outfall Sewer. FUth Hoist 
Sections of Sewers (North and South 

Sides). 

THAMES EMBANKMENT. 

Section of River Wall. 

Steam-boat Pier, Westminster. Elevation. 

Steam-boat Pier, Westminster. Details. 

\j^nA\np Stairs between Charing Oroia 
and Waterloo Bridges. 

York Gate. Front Elevation. 

York Gate. Side Elevation and Detaik. 

Overflow and Oudet at Savoy Street Sewer. 
Details. 

Overflow and Oudetat Savoy Street Sewer. 
Penstock. 

Overflow and Oudetat Savoy Street Sewer. 
Penstock. 

Steam-boat Pier, Waterloo Bridge. Eleva- 
tion. 

Steam-boat Pier, Waterloo Bridge. De- 
tails. 

Steam-boat Pier, Waterloo Bridge. De- 
tails. 

Junction of Sewers. Plans and Sections. 

Gullies. Flans and Sections. 

Rolling Stock. 

Granite and Iron Forts. 



With copious Descriptive Letterpress, Specifications, &c. 



Opinions of tht Press, 



" Mr. Humbex's works— especially his annual ' Record,' widi which so many of our 
readers are now fiuniliar— fill a voia occupied by no other branch of literature. .... 
The drawings have a constantly increasing value, and whoever desires to possess dear 
representations of die two great works carried out by our Metropolitan Board will 
OTOiin Mr. Humbex's last vdume."— ^Mt^xmifrrifj'. 

•* No engineer, architect, or contractor should fail to preserve these records of works 
which, for magmtude, have not their parallel in the present day, no student in the 
profession but should carefully study the details of these great works, which he may be 
one day called upon to imitate." — Mechanic^ Magazine. 

"A work highly creditable to the industry of its author. .... The volume is quite 
an encyclopeedia iox the study of the student who desires to master the subject of 
municipal drainage on its scale of greatest development "-</'ni^/n:a/ MeckofU^s 
youmaL 



4 WORKS PUBLISHED BY LOCKWOOD & CO. 

Humberts Modem Engineerings Fourth Series. 

A RECORD of the PROGRESS of MODERN ENGINEER- 
ING, 1866. Imp. 4to, with 36 Double Plates, drawn to a large 
scale, and Photographic Portrait of John Fowler, Esq., President 
of the Institution of Civil Engineers. Price 3/. 3J. half-morocco. 

Ust of the Plates and Diatoms, 

NAMB AND DBSCRIPTION. PLATBS. NAMB OP KNGINEBX. 

Abbey Mills Pumping Station, Main Drainage, 

Metropolis 1104 Mr. Bazalsette, C.E. 

Barrow Docks 5^9 Messrs. MXi^ean & Stillman, 

Manquis Viaduct, Santiago and Valparaiso [€.£. 

Railway xo, xt Mr. W. Loyd, CE. 

Adams' Liocomotive.^ St Helen's Canal Railw. za, 23 Mr. H. Cross, C.E. 
Cannon Street Station Roof, Charing Cross 

Railway 14 to x6 Mr. J. Hawkshaw. CE. 

Road Bridjge over the River Moka 17, 18 Mr. H. Wakefield, CE. 

Telegraphic Apparatus for Mesopotamia .... 19 Mr. Siemens. C £. 

Viaduct over the River Wye, Midland Railw. ao to aa Mr. W. H. Barlow, CE. 

St. Germans Viaduct. Cornwall Railway .... 93, 34 Mr. Brunei, C.£. 

Wrought-Iron Cylinder for Diving Bell 25 Mr. J. Coode, CE. 

MiUwall Docks s6 to 31 Messrs. J. Fowler, CE., and 

WiUiam Wilson, CE. 

Mihx>y's Patent Excavator 3a Mr. Miltoy, CE. 

Metn^litan District Railway 33 to 38 Mr. J. Fowler, Engineer-in- 

Ouef. and Mr. T. M. 

Johnson, CE. 

Harbours, Ports, and Breakwaters A to c 

The Letterpress comprises — 

A concluding article on Harboure, Ports, and Breakwaters, with 
Illustrations and detailed descriptions of the Breakwater at Cher- 
bourg, and other important modem works ; an article on the 
Telegraph Lines of Mesopotamia ; a full description of the Wrought- 
iron Diving Cylinder for Ceylon, the circumstances under which it 
was used, and the means of working it ; fidl description of the 
Millwall Docks ; &c., &c., &c 



Opinions of the Press, 

** Mr. Humberts ' Record of Modem Engineering ' is a work of peculiar value, as 
well to those who design as to those who study the art of engineering construction. 
It embodies a vast amount of practical information in the form of full descriptions and 
working drawings of all the most recent and noteworthy engineering works. The 
plates are excellently lithographed, and the present volume of the ' Record * is not a 
whit behind its predecessors." — Mechanic^ magatiMe. 

"We gladly welcome another year's issue of this valuable publication from the able 
pen of Mr. Humber. The accuracy and general excellence of this work are well 
known, while its usefulness in giving the measurements and details of some of the 
latest examples of en^neering, as carried out by the most eminent men in the profes- 
sion, cannot be too highly prized." — Artisan. 

** The volume forms a valuable companion to those which have preceded it, and 
cannot fail to prove a most important addition to every engineering hhraTy.*'—MiMmg- 
yourruU, 

" No one of Mr. Humbei's volumes was bad : all were worth their cost, firom the 
mass of plates from well-executed drawings which they contained. In this respect, 
perhaps, this last volume is the most valuable that the author has produced."— /Vwc- 
iical Mechanics^ youmoL 



WORKS PUBLISHED BY LOCKWOOD & CO. 



Humberts Great Work on Bridge Constrtiction. 

A COMPLETE and PRACTICAL TREATISE on CAST and 
WROUGHT-IRON BRIDGE CONSTRUCTION, including 
Iron Foundations. In Three Parts — Theoretical, Practical, and 
Descriptive. By William Humber, Assoc. Inst C. E., and M. Inst. 
M. E. Third Edition, revised and much improved, with 115 Double 
Plates (20 of which now first appear in this edition), and numerous 
additions to the Text. In 2 vols. imp. 4to., price 6/. idr. 6^. half- 
bound in morocco. [ j^^ ready, 

*' A very valuable contribution to the standard literature of civil engineering. In 
addition to elevations, plans, and sections, laise scale details are given, whicn very 
much enhance the instructive worth of these illustrations. No engineer would wil- 
lingly be without so valuable a fund of information. — Civil Engineer and Arckitecfs 
youmal. 

^ " The First or Theoretical Part contains mathematical investigations of the prin- 
ciples involved in the various forms now adopted in bridge construction. Inese 
investigations are exceedingly complete, having evidently been very carefully con- 
sidered and worked out to tne utmost extent that can be desired by the practical man. 
The tables are of a very useful character, containing the results of the most recent 
experiments, and amongst them are some valuable tables of the weight and cost of 
cast and wrought-iron structures actually erected. The volume of tact is amply illus- 
trated by numerous woodcuts, plates, and diagrams': and the plates in thit second 
volume ao great credit to both dxaugntsmen and engravers. In conclusion, we have 
great pleasure in cordially recommending thin work to our readers." — AtHmoh. 

** Mr. Humber's stately volumes lately issued ~in which the most important bridges 
erected during the last five years, under the direction of the late Mr. brunel. Sir W. 
Cubitt, Mr. Hawkshaw, Mr. Page, Mr. Fowler, Mr. Hemans, and others among our 
most eminent engineers, are drawn and specified in great detail." — Engineer* 



Weale^s Engineers Pocket-Book. 

THE ENGINEER'S, ARCHITECT'S, and CONTRACTOR'S 
POCKET-BOOK (Lockwood & Co.'sj formerly Weale's). 
Published Annually. In roan tuck, gilt edges, with 10 Copper- 
Plates and numerous Woodcuts. Price 6r. 



!«• 



' There is no work published by or without authority, for the use of the scientific 
branches of the services, which contains anything liKe the amount of admirably 
arranged, reliable, and useful information. It is r^ly a most solid, substantial, and 
excel^nt work ; and not a page can be opened by a man of ordinary intelligence which 
will not satisfy him that this praise is amply deserved." — Army and Navy Gazette. 

** A vast amount of really valuable matter condensed into the small dimen- 
sions of a book which is, in reality, what it professes to be — a pocket-book 

We cordially recommend the book to the notice of the managers of coal and other 
mines ; to them it will prove a handy book of reference on a variety of subjects more 
or less intimately connected with their profession. It might also be placed Mrith 
advantage in the hands of the subordinate oflicers in collieries." — Colliery Guardian. 

*' The assignment of the late Mr. Weale's ^Engineer** Pocket-Book* to Messrs. 
Lockwood & Co. has by no means Igwered the standard value of the work. It is too 
well known among those for whom it is specially intended, to need more from us than 
the observation that this continuation of Mr. Weale's series of Pocket Books well 
sustains the reputation the work has so long enjoyed. Every branch of engineering 
is treated of, and facts, figures, and data of every kind abound." — Mechanic** Mag. 

*' It contains a laree amount of information peculiarly valuable to those for whose 
use it is compiled. We cordially commend it to the engineering and architectural 
professions generally." — Mining Journal, 

**A multitude of usefiil tables, without reference to which the engineer, architect* 
or contractor could scarcdy get through a single dajr's work." — Scientific Review. 



6 WORKS PUBLISHED BY LOCKWOOD & CO. 

Barlow on the Strength of Materials^ enlarged. 

A TREATISE ON THE STRENGTH OF MATERIALS, 
with Rules for application in Architecture, the Construction of 
Suspension Bridges, Railways, &c. ; and an Appendix on the 
Power of Locomotive Engines, and the effect of Inclined Planes 
and gradients. By Peter Barlow, F.R.S., Mem. Inst, of France ; 
of the Imp. and Royal Academies of St Petersbur^ii and Brussels ; 
of the Amer. Soc. Arts ; and Hon. Mem. Inst. Civil Engineeis. 
A New and considerably Enlaiged Edition, revised by his Sons, 
P. W. Barlow, F.R.S., Mem. InsL C.E., and W. H. Barlow, 
F.R.S., Mem. of Council Inst. C.E., to which are added a Sum- 
mary of Experiments by Eaton Hodgkinson, F.R.S., William 
Fairbairn, F.R.S., and David Kirkaldy; an Essay (with 
Illustrations) on the effect produced by passing Weights over 
Elastic Bars, by the Rev. Robert Willis, M.A., F.R.S. And 
Formulae for Calculating Girders, &c. The whole airaoged and 
edited by William Humber, Assoc Inst. C.E., and Mem. Inst. 
M.E., Author of *' A Complete and Practical Treatise on Cast and 
Wrought-Iron Bridge Construction,'' &c. &c Demy 8vo, 400 pp., 
with 19 laige Plates, and numerous woodcuts, price i&r. doth. 

Opinions of the Press, 



w 



' This edition has undeiigODe considerable im[»x>veinent, and has been brought down 
to the present date. It is one of the first books of reference in existence."— ^rfiaai*. 
" Although issued as the sixth edition, the volume under consideration is wordiy of 
being regarded, for all practical purposes, as an entirely new work ... die faiook 
is undoubtedly worthy of the highest coounendation, and of an luniourable place in 
the library of every engineer."— Jf»v<Vi^ youmal. 

** An increased value has been given to this very valuaUe work by the addition of 
a large amotint of information, which cannot prove otherwise than hiighly usefid to 

tfiose who require to consult it The arrangement and editing oi this 

mass of information has been undertaken by Mr. Humber, who has most aUy fulfilled 
a task requirimr special care and ability to render it a success, which this edition most 
certainly is. He has given the finishing touch to the volume by introducing into it 
an interesting memoir of Professor Barlow, which tribute of respect, we are sure, will 
be appreciated by the members of the engineering profession." — Mechanic^ MagasiMe. 

** A book which no engineer of any kind can afford to be without. In its present 
form its former value is much increased." — Colliery GnardutH, 

** The best book on the suUect which has yet appeared. .... We know of 

no work that so completely fumls its mission As a scientific work of die 

first class, it desorves a foremost place on the bookshelves of every civil engineer and 
practical mechanic."— ^«y/«A Mechanic. 

** There is not a pupil in an enfl;ineering school, an api»«ntioe in an engineei's or 
architect's office, or a competent clerk of works, who will not recognise in the sdendfic 
volume newly given to circulation, an old and valued friend. . . &> far as the strength 
of timber is concerned, there is no greater authority than B»xicm.''^Bmilditi£'Nen». 

*' It is scarcely necessary for us to make any comment upon the first portion of 
the new volume. .... Valuable alike to the student, tyro, and experienced 
practidoner, it will always rank in future, as it has hitherto done, as the standard 
treatise upon this particular subject." — Engineer, 

"The present edidon offers some important advantages over previous ones. The 
additions are both extensive and valuable, comprising experiments by Hodgkinson on 
the strength of cast-iron ; extracts from papers on the transverse straigth of beams by 
W. H. Bariow ; an ardcle on the strength of columns ; experiments by FairtNurn, on 
iron and steel plates, on the behaviour of girders subjected to the vibradon of a 
changing load, and on various cast and wrought-iron beams ; experiments by Kiiicaldy, 
on wrought-iron and steel bars^ and a short appendix of formulae for ready application 
in compudng the strains on bridges."— '^m^iiMirrM^. 



WORKS PUBLISHED BY LOCKWOOD & CO. 7 

Strains y Formula & Diagrams for Calculation of. 

A HANDY BOOK for the CALCULATION of STRAINS 
in GIRDERS and SIMILAR STRUCTURES, and their 
STRENGTH ; consisting of Fonnulse and Corresponding Diagrams, 
with numerous Details for Practical Application, &c. By William 
H UMBER, Assoc. lust C.E., &C. reap. 8vo, with nearly 100 
Woodcuts and 3 Plates, price ^s, 6d, doth. [Recently ptdtlisked. 

It is hopedihat a small work, m a katufy fitrm^ devoted sntirely to Bridge and 
Girder Calcinations, without givine more them is absoUUely necessary for the complete 
solution of practical ^reblems^ wiutneet with ready acceptance Jrom the engineeri$ig 
^/ession. One of the chie/Jeaiures of the present work is the extensive apjUication 
of simply constructed'D\A!aajM& to theaUculation of the strains onbridges and girders. 

'* To supply a universally recognised want of dmple formulae, applicable to the 
varied problems to be met with in ordinary practice, Mr. Huoiber, whose works on 
modem en^neexing afford sufficient evidence of his qualifications for the task, has 
compiled his 'Handy Book.' The arrangement of the matter in this little volume is 
as convenient as it well could be. ; • . * The system of employing diagrams as a 
substitute for complex computations is one jusdy coming into ^ctaX favour, and in that 
respect Mr. Humber's volume is fully up to the taxueaJ*'^Engvuering, 

** The formulas are neatly expressed, and the diagrams good.'*— ^Mmmvimw. 

" That a necessity^ existed for the book is evident, we think ; that Mr. Humber has 

achieved his dengn is equally evident We heartilv commend the really handy 

book to our engineer and architect readers." — English Mechanic, 

" It is, in fact, what its name indicates, a handy book, ..... giving no more than 
ia absolutely necessary for the complete solution of practical problems.** — CoHiny 
Guardian. 

"This capital lltde work will suppljr a want, often found by engineers, viz., of 
having the reouisite formulae for calculating strains in a complete form, and yet suffi- 
ciently portable to be carried in the pocket .... Almost every formula tliat could 
possibly be required, together with diagrams of strains, is put concisely, yet clearly, 
m a work of considerably less size than an engineering pocket book." — Arti9an. 

Strains. 

THE STRAINS ON STRUCTURES OF IRONWORK; 
with Practical Remarks on Iron Construction. By F. W. Shuilds, 
M. Inst. C.E. Second Edition, with 5 plates. Royal 8vo, 5j. doth. 

CoNTBNTs. — Introductory Remarks ; Beams Loaded at Centre ; Beams Loaded at 
unequal distances between supports ; Beams uniformly Loaded : Girders with triangu- 
lar bracing Loaded at centre ; iXtto, Loaded at unequal distances between supports ; 
Ditto, u^ormly Loaded ; Calculation of the Strains on Girders with triangular 
Basings ; Cantilevers ; Continuous Girders ; Lattice Girders ; Girders with Vertical 
Struts and Diagonal Ties ; Calculation of the Strains on Ditto : Bow and String 
Girders ; Girders of a form not belonging to any rwular figure ; Plato Girders ; Ap- 
portionments of Material to Strain ; Comparison ot different Girders ; Proportion of 
Length to Depth of Girders ; Character of the Work ; Iron Roofs. 

Trigonometrical Surveying. 

AN OUTLINE OF THE METHOD OF CONDUCTING A 
TRIGONOMETRICAL SURVEY, for the Formation of Geo- 
graphical and Topographical Maps and Plans, Military Recon- 
naissance, Levelling, &c., with the most useful Problems ui Geodesy 
and Practical Astronomy, and Formulae and Tables for Facilitating 
their Calculation. By Major-General Fromb, R.E., Inspector- 
General of Fortifications, &c. Third Edition, revised and improved. 
With 10 Plates and 113 Woodcut& Royal 8vo, I2j* cloth. 
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WORKS PUBLISHED BY LOCKWOOD & CO. 



Hydraulics. 

HYDRAULIC TABLES, CO-EFFICIENTS, and FORMULAE 
for fmding the Dischai^ of Water from Orifices, Notches, Weiis, 
Pipes, and Rivers. By John Neville, Civil Engineer, M.R.I.A. 
Second Edition, with extensive Additions, New Formulae, Tables, 
and General Information on Rain-fidl, Catchment-Basins, Drainage, 
Sewerage, Water Supply for Towns and Mill Power. With nume- 
rous Woodcuts, 8vo, idx. doth. 

*»* This work contains a vast number of different hydraulic 
formulae, and the most extensive and accurate tables yet published 
for finding the mean velocity of discharge from triangular, quadri- 
lateral, and circular orifices, pipes, and rivers ; with experimental 
results and co-efficients ; effects of friction ; of the velocity of 
approach ; and of curves^ bends, contractions, and expansions ; the 
best form of channel ; the drainage effects of long and short weirs, 
and weir-basins ; extent of back-water from weirs ; contracted 
channels; catchment-basins; hydrostatic and hydrauUc pressure; 
water-power, &c &c. 

Levelling, 

A TREATISE on the PRINCIPLES and PRACTICE of 
LEVELLING ; showing its Application to Purposes of Railway 
and Civil Engineering, in the Construction of Roads ; with Mr. 
Telford's Rules for the same. By Frederick W. Simms, 
F.G.S., M. Inst. C.E. Fifth Edition, very carefully revised, with 
the addition of Mr. Law's Practical Examples for Setting out 
Railway Curves, and Mr. Trautwine's Field Practice of Ikying 
out Circular Curves. With 7 Plates and numerous Woodcuts, ovo, 
Sj. dd. cloth. \* Trautwine on Curves, separate, price 5j. 

"One of the most important text-books for the general surveyor, and there is 
scarcely a question connected with levdling for which a solution would be sought but 
that would be satisfactorily answered by consuldng die volume."— AfMtiwj' ^^onrMoL 

" The text-book on levelling in most of our engineering schools and colleges."— 

"The publishers have rendered a substantial service to the profession, especially to 
the younger members, by bringing out the presentedition of Mr. Simms's useful work." 
— EngUuering^ 

Tunnelling, 

PRACTICAL TUNNELLING ; explaining in DetaQ the Setting 
out of the Works ; Shaft Sinking and Heading Driving ; Ranging 
the Lines and Levelling Under-Ground ; Sub- Excavating, TiiSer- 
ing, and the construction of the Brickwork of Tunnels ; with the 
Amount of Labour required for, and the Cost of the various Por- 
tions of the Work. By Fredk. W. Simms, F.R.A.S., F.G.S., 
M. Inst C.E., Author of ''A Treatise on the Principles and 
Practice of Levelling," &c &c. Second Edition, revisea by W. 
Davis Haskoll, Civil Engineer, Author of "The Engineer's 
Field-Book," &c &c. With 16 large folding Plates and numerous 
Woodcuts. Imperial Svo,. i/. \s, cloth. 



WORKS PUBLISHED BY LOCKWOOD & CO. 9 

Strength of Cast Irofiy &c. 

A PRACTICAL ESSAY on the STRENGTH of CAST IRON 
and OTHER METALS ; intended for the Assistance of Engineers, 
Iron-Masters, Millwrights, Architects, Founders, Smitlu, and 
others engaged in the Construction of Machines, Buildings, &c. ; 
containing Practical Rules, Tables, and Examples, founded en a 
series of New Experiments ; with an Extensive Table of the Pro- 
perties of Materials. By the late Thomas Tredgold, Mem. Inst. 
C.E., Author of "Elementary Principles of Carpentry," ** History 
of the Steam-Engine," &c. Fifth Edition, much improved. 
Edited by Eaton Hodgkinson, F.R.S. ; to which are added 
EXPERIMENTAL RESEARCHES on the STRENGTH and 
OTHER PROPERTIES of CAST IRON ; with the Develop- 
ment of New Principles, Calculations Deduced from them, and 
Inquiries Applicable to Rigid and Tenacious Bodies generally. By 
the Editor. The whole Illustrated with 9 Engravings and nume- 
rous Woodcuts. 8vo, 12/. cloth. 

%* Hodgkinson's Experimental Researches on the 
Strength and Other Properties of Cast Iron msy be had 
separately. With Engravings and Woodcuts. 8vo, price oj. cloth. 

The High-Pressure Steam Engine. 

THE HIGH-PRESSURE STEAM ENGINE ; an Exposition 

of its Comparative Merits, and an Essay towards an Improved 

System of Construction, adapted especially to secure Safety and 

Economy. By Dr. Ernst Alban, Practical Machine Maker, 

Plau, Mecklenbeig. Translated from the German, with Notes, by 

Dr. Pole, F.R.S., M. Inst C.E., &c &c With 28 fine Plates, 

8vo, idf. 6^. cloth. 

*' A woilc like this, which goes thoroughly into the examination of the high-pressure 
engine, the boiler, and its appendages, &c., is exceedingly useful, and deserves a place 
in every scientific library. "--^/iraM Shipping Chranicu, 

Tables of Curves. 

TABLES OF TANGENTIAL ANGLES and MULTIPLES 

for setting out Curves from 5 to 200 Radius. By Alexander 

Beazeley, M. Inst C.E. Printed on 48 Cards, and sold in a 

cloth box, Mraistcoat-pocket size, price 31. td, 

** Each table is printed on a small card, which, being placed on the theodolite, leaves 
the hands free to manipulate the instrument— no small advantage as regards the rapidity 
of work. They are clearly printed, and compactly fitted into a small case for the 
pocket—an arrangement tKat will recommend them to all practical men.** — Engineer. 

** Very handy : a man may know that all his day's work must fall on two of these 
cards, which he puts into his own card^case, and leaves the rest hehiad.*'^AtAet$aHm. 

Laying Out Curves. 

THE FIELD PRACTICE of LAYING OUT CIRCULAR 
CURVES for RAILROADS. By John C. Trautwine, C.E., 
of the United States (extracted from Simms's Work on Levelling). 
8vo, 5^. sewed. 



10 WORKS PUBLISHED BY LOCKWOOD & CQ. 

Surveying (Land and Marine). 

LAND AND MARINE SURVEYING, in Reference to the 
Preparation of Plans for Roads and Railways, Canals, Rivers, 
Towns' Water Supplies, Dodks and Harbouis ; with Description 
and Use of Surveying Instruments. By W. Davis Haskoll, C. E. , 
Author of <*The Engineer's Field Book," ''Examples of Bridge 
and Viaduct Construction," &c. Demy 8vo, price I2J. (>d, dotn, 
Mdth 14 folding Plates, and numerous Woodcuts. 

** * Land and Marine Surveying ' is a most useful and well arranged book for the 
aid of a student .... We can strongly reoominend it as a carefuUy-written 
and valuable text-book."— ^»ii^£rr, July 14, 1868. 

*' So far as the general get-up of the work is concerned, it is much simerior to either 
of its predecessors ( * The Practice of Engineering Field Work,' 9 vols.) ; the lettering 
and figuring of the plans annexed to it are clear and intelligible, and its moderate 
price will not fail to be a recommendation." — Eng^imeeTt June 19, x868. 

" He only who is master of his subject can present it in such a way as to make it 
intdligible to the meanest capacity. It b in this that Mr. Haskoll excels. He has 
knowledge and experience, and can so give expression to it as to make any matter on 
which he writes, clear to the youngest pupil m a surveyor's office. .... The 
work will be found a useful one to men of experience, for there are few such who will 
not get some good ideas from it ; but it is indispensable to the young practitioner.** — 
Cfflaery Guardian, May 9, x868. 
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A volume which cannot fail to prove of the utmost practical utility It 

is one which may be safely recommended to all students who aspire to become clean 
and expert surveyors ; and from the exhaustive manner in which Mr. Haskoll has 
placed nis long experience at the disposal of his readers, there will henceforth be no 
excuse for the complaint that young practitioners are at a disadvantage^ through the 
neglect of their seniors to point out the importance of minute details, smce they can 
readily supply the deficiency by the study of the volume now under consideration."— 
Mining Journal, May 5, x868. 

*' A very useful and thoroughly practical treatise. .... We can confidently 
reconunend this work to the engineering student." — Ariixan, July, z86B. 

Engineer's Office Almanack & Pocket Companion, 

THE ENGINEER'S AND CONTRACTOR'S OFFICE 
ALMANACK AND POCKET COMPANION, containing, 
besides the usual Calendar and other Almanack information. 
Memoranda relating to Standing Orders, Railway Construction 
Regulations, Mensuration, Data and Formulae for Wrought-Iron 
Giraers, Steam Engines, Railways, Cranes, Roofs, Mill-Gearing, 
Hydraulics, Weight of Iron, &c. Published annually, with Rul«l 
Paper for Memoranda, strongly bound in cloth, price u. 

" Here are 48 well-filled pages of that kind of matter which is in most constant 

reference by engineers and contractors We have checked man^ of the 

formulae, and find diem to have been selected from the latest and best authorities." — 
Engineirifi^. 

" Its contents are of the most handy kind, solving in a rapid manner many a problem 
of daily occurrence with engineers." — English Mechanic. 

"The mechanical engineer, the hydraulic engineer, the builder, and railway and 
mining engineer will, each and all, find occasion throughout the year of referring to 
this Almanack. "—Oi/ftryy Gnardian. 

** Undoubtedly the most useful engineering almanack yet issued. It comprises 
information and formulae upon almost every subject connected with practical enp- 
neering, upon which the man of business is likely to require to refresh his memory." — 
Mining yonmnl. 
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Fire Engineering, 



FIRES, FIRE-ENGINES, AND FIRE BRIGADES. With 
a Histoiy of Manual and Steam Fire-Engines, their Construc- 
tion, Use, and Management ; Remarks on Fire- Proof Build- 
ings, and the Preservation of Life from Fire ; Statistics of the Fire 
Appliances in Elnglish Towns ; Foreign Fire Systems ; Hints for 
the formation of, and Rules for. Fire Brigades ; and an Account of 
American Steam Fire-Engines. By Charles F. T. Young, C.E., 
Author of '* The Economy of Steam Power on Common Roads," 
&C. With numerous Illustrations, Diagrams, &c, handsomely 
printed, 544 pp., demy 8vo, price i/. 4;. cloth. 

" A large well-filled and useful book upon a subject which possesses a wide and 
increasing jmbUc interest. .... To such of our readers as are interested in the 
subject 01 nres and fire apparatus we can most heartily commend this book. .... 
It is really the only English work we now have upon Uie subject.** — Engineeri^. 

'* Mr. Youn^ has proved by his present work that he is a good engineer, and pos- 
sessed of sufficient literary eneigy to produce a very readable and interesting volume." 
•^Eugitteer. 

" Fire, above all the elements, is to be dreaded in a great city, and Mr. Young 
deserves hearty thanks for die elaborate pains, benevolent spirit, scientific knowledge, 
and lucid expoiiition he has brought to bear upon the subject ; and his .substantial brok 
should meet with substantial success, for it concerns every one who has even a skin 
which is not fireproof.**— ///itf/ra/Sn/ London News, 

" A volume which must be reoarded as the text-book of its subject, and which in 
point of interest and intrinsic value is second to no contribution to a special depart- 
ment of history with which we are acquainted. ' Fires, Fire-Engines, and Fire 
Brigades* is the production of an earnest and diligent writer who comes to the task he 
has undertaken with a thorough love of it, and a firm determination to do it justice. 
. . . . The style of the work is admirable. .... It has the surpassing 
merit of being thoroughly r<iiaAile,'*-^Insttrance Efcord. 

** That Mr. Young's treatise is an exhaustive one will be admitted when we state 
that there does not appear to be anything within the scope of his comprehensive title 
that has been left unnoticed. An immense amount of the^ most varied information 
relating to the subject has been collected from every conceivable source, and goes to 
form a history fiill of abiding interest. Great credit is unquestionably due to Mr. 
Young for havmg brou|^t before the public the results of his exploration in this hitherto 
untrodden field. We strongly recommend the book to the notice of all who are in 
any way interested in fires, nre-engines, or Are'hngadc%.**-~AfecAamcs' Magazine, 

Earthwork^ Measurement and Calculation of. 

A MANUAL on EARTHWORK. By Alex. T. S. Graham, 
C.E., Resident Engineer, Forest of Dean Central Railway. With 
numerous Diagrams. i8mo, zr. 6</. cloth. 

*' We can cordially recommend the work to the notice of our xeaAtx%,"'—BuiidiMg 
News. 

"As a really handy book for reference, we know of no work equal to it ; and the 
railway enaineers and odiers employed in the measurement and calculation of earth- 
work will mid a great amount <m pnractical information very admirably arranged, and 
available for general or rough estimates, as well as for the more exact calculations 
required in the engineers' contractor's offices.** — Artisan. 

" The object of this litde book is an investigation of all the principles requisite for 
the measurement and calculation of earthworks, and a consideration of the data neces- 
sary for such operations. The author has evidently bestowed much care in effecting 
this object, and points out with much deamess the results of his own observations, 
derived from practical experience. The subjects treated of are apcompanied by well- 
executed diagrams and instructive examples. — Army atui Navy Gazette, 
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Field-Book for Engineers. 

THE ENGINEER'S, MINING SURVEYOR'S, and CON- 
TRACTOR'S FIELD-BOOK. By W. Davis Haskoll, CivQ 
Engineer. Second Edition, much enlamd, consisting of a Series 
of Tables, with Rules, Explanations of Systems, and Use of Theo- 
dolite for Traverse Surveying and Plotting the Work with minute 
accuracy by means of Straight Edge and Set Scjuare only ; Levelling 
with the Theodolite, Castmg out and Reducing Levels to Datum, 
and Plotting Sections in the ordinary manner; Setting out Curves 
with the Theodolite by Tangential Angles and Multiples vrith Right 
and Left-hand Readings of the Instrument; Setting out Curves 
without Theodolite on ue System of Tangential An^es by Sets of 
Tangents and Offsets ; and Earthwork Tables to 80 feet deep cal- 
culated for every 6 inches in depth. With numerous wood-cuts, 
i2mo, price 12^*. cloth. 

" A very useful work for the practical engineer and surveyor. Every person 

engaged in engineering field operations will estimate the importance of such a work 

, and die amount of valuable time which will be saved by reference to a set of reliaUe 

tables prepared with the accuracy and fullness of those given in this volume."— i?<K7- 

w<ty Ivewt, 

** The book is very handy, and the author might have added that the separate taUes 
of sines and tangents to every minute will make it useful for many other purposes, the 
genuine traverse tables existmg all the same." — Athenttum^ 

"The work forms a handsome pocket volume, and cannot fail, from its portability 
and utility, to be extensively patronised by the engineering profession.'^^MfM^ 

" We know of no better field-book of reference or collection of tables than that 
Mr. Haskoll has given." — Artisan. 

" A series of tables likely to be very useful to many civil eRgiacecs."'--Buili/im£Nlimi. 

"A very useful book of tables for expediting field-work operations. . . . The present 
edition has been much enbuged."— JlfrcAoMcc? MagnstHe, 

"We strongly recommend this second edition of Mr. HaskoU's ' Field Book' to all 
classes of surveyors." — Collury dtardian. 

Railway Engineering. 

THE PRACTICAL RAILWAY ENGINEER. A concise 
Description of the Engineering and Mechanical Operations and 
Structures which are combined in the Formation ot Railways for 
Public Traffic ; embracing an Account of the Principal Works exe- 
cuted in the Construction of Railways ; with Facts, Figures, and 
Data, intended to assist the Civil Engineer in designing and executing 
the important details required. By G. Drysdale Dempsey, CE. 
Fourth Edition, revised and greatly extended. With 71 double 

2uarto Plates, 72 Woodcuts, and Portrait of George Stephenson. 
>ne laige vol. 4to., 2/. lis, 6d, cloth. 

Harbours. 

THE DESIGN and CONSTRUCTION of HARBOURS. By 
Thomas Stevenson, F.R.S.E., M.I.C.E. Reprinted and en- 
larged from the Article <* Harbouis," in the Eighth Edition of " The 
Encydopsedia Britannica." With 10 Plates and numerous Cuts. 
8vo, lOf. 6d, cloth« 



WORKS PUBLISHED BY LOCK WOOD & CO. 13 

Bridge Construction in Masonry^ Timber^ and 
Iron. 

EXAMPLES OF BRIDGE AND VIADUCT CONSTRUC- 
TION OF MASONRY, TIMBER, AND IRON ; consisting of 
46 Plates from the Contract Drawings or Admeasurement of select 
Works. By W. Davis Haskoll, C.E. Second Edition, with 
the addition of 554 Estimates, and the Practice of Setting oat Works, 
illustrated with 6 pages of Diagrams. Imp. 4to, price 2/. izr. 6k/. 
half-morocco. 

'* One of the very few works extant descending to the leyel of ordinary routine, and 
treating on the common cvery-day practice of tne railway engineer. ... A work of 
the present nature by a man of Mr. HaskoU's experience, must prove in^uaUe to 
hundreds. The tables of estimates appended to this edition will considenbly enhance 
its value." — Engmeering. 

" We must express our cordial approbation of the work just issued by Mr. HaskoU. 
.... Besides examples of the best and most economical forms of bridge construction, 
the author has compued a series of estimates which cannot fail to be of service to the 
practical man. . . . The examples of bridges ate selected from those of the most notable 
construction on the different unes of the Kingdom, and their details may consequently 
be safely followed."— i?ai/tc^y News. 

" A very valuable volume, and may be added usefully to the library of every young 
engineer.— ^wi/t/rr. 

" An excellent selection of examples, very carefully drawn to tiseful scales of pro- 
portioa "—A rtizan. 

Mathematical and Drawing Instruments. 

A TREATISE ON THE . PRINCIPAL MATHEMATICAL 
AND DRAWING INSTRUMENTS employed by the Engineer, 
Architect, and Surveyor. By Frederick W. Simms, F.G.S., M. 
Inst. C.E., Author of "Practical Tunnelling," &c. &c Third 
Edition, with a Description of the Theodolite, together with Instruc- 
tions in Field Work^ compiled for the use of Students on commenc- 
ing practice. With numerous Cuts. i2mo, price 3J. 6d. doth. 

Oblique Arches. 

A PRACTICAL TREATISE ON THE CONSTRUCTION of 
OBLIQUE ARCHES. By John Hart. Third Edition, with 
Plates. Imperial 8yo, price Sj. cloth. 

%• 7>5^ smali rentaimng stock of this xvork^ which has been un* 
obtainable for some tinUy has just been purchased by Lock WOOD & Co. 

Oblique Bridges. 

A PRACTICAL and THEORETICAL ESSAY on OBLIQUE 
BRIDGES, with 13 large folding Plates. By Geo. Watson 
Buck, M. Inst. C.E. Second Edition, corrected by W. If. 
Barlow, M. Inst C.E. Imperial 8vo, I2j. doth. 

"The standard text-book for all engineers regarding skew arches, is Mr. Buck's 
treatise, and it would be impossible to consult a better." — Engitutr. 

"Aytry complete treatise on the subject, re-edited by Mr. Barlow, who has added 
to it a method of making the requisite calculations without the use of trigonometrical 
formulsB."— ^*i/!i/(fr. 
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Rudimentary Works in Engineering, &c. 

WEALE'S SERIES OF RUDIMENTARY WORKS IN 
ENGINEERING, ARCHITECTURE, MECHANICS, &c &c. 
At prices varying from u, to 5^. 

\* The following are included in this excellent and cheap Series 
of Books {numhering upwards of 200 different Works in almost every 
department of Science^ Art^ <Sr»^.)f « complete List of which may be 
had on application to Messrs. LoCKWOOD & Co. 

STEAM ENGINE. By Dr. Lardneb. xx. 

TUBULAR AND IRON GIRDER BRIDGES, mcliidlng the Britannia and 
Conway Bridges. By G. D. Dbmpsby. is. 6d, 

STEAM BOILERS, their Construction and Management. By R. Armstrong. 
With Additions by R. Mallbt. is. 6d, 

RAILWAY CONSTRUCTION. By Sir M. Stbphijnson'. New Sditioit^ 9s, 6d, 

STEAM AND LOCOMOTION, on the Principle of connecting Science with Prac- 
tice. By J. Sbwelx.. 3f. 

THE LOCOMOTIVE ENGINE. By G. D. Dkmpsk\'. is. 6d. 

ILLUSTRATIONS TO THE ABOVE. 4*0. 4*. 6d. 

STEAM ENGINE, Mathematical Theory of. By T. Bakbr. is. 

ENGINEER'S GUIDE TO THE ROYAL AND MERCANTILE NAVIES. 
By a Practiced Engineer. Revised by D. F. McCarthy, y. 

LIGHTHOUSES, their Construction and Illumination. By Alan Stevenson. 31. 

CRANES AND MACHINERY FOR RAISING HEAVY BODIES, the Art of 
Constructing. By J. Glynn, is, 

CIVIL ENGINEERING. By H. Law and G. R. Burnbll. NewEditum, st. 

DRAINING DISTRICTS AND LANDS. By G. D. Dbmpsby. is.6d. ) The 

DRAINING AND SEWAGE OF TOWNS AND BUILDINGS. By r^'^^j^ '• 
G. D. Dbmpsby. as. J 3*. od. 

WELL-SINKING, BORING, AND PUMP WORK. By J. G. Swindell ; 
Revised by G. R. Burnbll. xx. 

ROAD-MAKING AND MAINTENANCE OF MACADAMISED ROADS. 
By Gbn. Sir J. Burgoynb. xx. 6d. 

AGRICULTURAL ENGINEERING, BUILDINGS, MOTIVE POWERS. 
FIELD MACHINES, MACHINERY AND IMPLEMENTS. By G. H. 
Andrews, C.E. * 3X. 

ECONOMY OF FUEL. By T. S. Pridbaux. js.6d. 

EMBANKING LANDS FROM THE SEA. By J. Wiggins, as, 

WATER POWER, as applied to Mills, &c. By J. Glynn, ax, 

A TREATISE ON GAS WORKS, AND THE PRACTICE OF MANUFAC- 
TURING AND DISTRIBUTING COAL GAS. By S. Hughes, CE. y. 

WATERWORKS FOR THE SUPPLY OF CITIES AND TOWNS. By S. 
Hughes, C.E. y. 

SUBTERRANEOUS SURVEYING, AND THE MAGNETIC VARIATION 
OF THE NEEDLE. By T. Fbnwick, with Additions by T. Baker, ax. 60. 

CIVIL ENGINEERING OF NORTH AMERICA. By D. Stbyenson. 3X. 

HYDRAULIC ENGINEERING. By G. R. Burnbll. y, 

RIVERS AND TORRENTS, with the Method of ReguUdng their Coune and 
Channels, Navigable Canals, &c., from the Italian of Paul Frisl ax. 6d. 

COMBUSTION OF COAL AND THE PREVENTION OF SMOKE. By 
C. Wye Wiluams, M.I.C.E. 3X. 
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ARCHITECTURE. 



Construction. 

THE SCIENCE of BUILDING : an Elementary Treatise on 
the Principles of Construction. Especially adapted to the Re- 
quirements of Architectural Students. By £. Wyndham Tarn, 
M.A., Architect. Illustrated with 47 Wood Engravings. Demy 
8vo, price 8j. (uL cloth. [Just pubiishid, 

" No architectural student should be without this hand-book of constructioDal 
knowledge." — Architect, April 9, 1870. 

"The book is very far from being a mere compilation ; it is an able digest of 
information which is only to be found scattered through various works, and contains 
more really original writing than many putting jTorth wr stronger daims to originality. 
.... Mr. Tarn has done his work exceedingly well, and hie has produora a book 
which ought to earn him the thanks of all architectural students. The book is clearly 
printed in bold type, the wood-cuts are all well executed, and die work is made of a 
very convenient sue for reference.** — Enginttritig, May 5, x87a 

** The quiet, neat, scientific appropriateness of the language employed, distinguishes 
the master mind." — MuUng y<mmal, April 9, 1870. 

Chambers^ Civil Architecture^ by GwilL 

A TREATISE ON THE DECORATIVE PART of CIVIL 
ARCHITECTURE. By Sir William Chambers, K.P.S., 
F. R. S. , F. S. A. , F. R. S. S. With Illustrations, Notes, and an Exami- 
nation of Grecian Architecture, by Joseph Gwi lt, F. S. A. New and 
Cheap Edition, revised and edited by W. H. Leeds. With 65 
Plates, and Portrait of the Author. Royal 4to, i/. is. doth. 

%* A new edition of this standard architectural work {which has 
already passed through several high-priced issues), so cheap as to place 
it within the reach of the humbler classes of students and practical 
men, and at the same time so carefully edited and well executed as to 
make it worthy of a place on the shelves of the more opulent, cannot 
fail to be received as a boon by the professional public. 

Villa Architecture. 

A HANDY BOOK of VILLA ARCHITECTURE ; being a 
Series of Designs for Villa Residences in various Styles. With 
Detailed Specihcations and Estimates. By C. WiCKES, Architect, 
Author of " The Spires and Towers of the Mediaeval Churches of 
England," &c First Series, consisting of 30 Plates ; Second 
Series, 31 Plates. Complete in I vol., 4to, price 2/. los, half 
morocco. Either Series separate, price i/. ^s, each, half morocco. 

" The whole of the designs bear evidence of their being the work of an artistic 
architect, and they will prove very valuable and suggestive to architects, students, and 
amateurs.** — Btiitding News. 

** Suburban buildCTS, who are now so laively employed all round the metropolis, 
may get a few valuable hints by oonsultmg Bar. wickes's publication."— yfr^ Jimmai, 

" There is so much el«gance and good taste manifested in these designs for villa 
readences, uid so much practical knowledge is displayed in the accompanying working 
plans, that we have pleasure in reoommendhtg the work to the profession as wdl as to 
persons about to build.'*— iV«wr q/^the iVcrld. 
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TAe Young Architect's Book. 

HINTS TO YOUNG ARCHITECTS ; comprising Advice to 
those who, while yet at school, are destined to the Profession ; to 
such as, having passed their pupilage, are about to travel ; and to 
those who, having completed their education, are about to practise. 
By Georgk Wightwick, Architect, Author of " The Palace of 
Architecture,*' &c. &c Second Edition. With numerous Wood- 
cuts. 8vo, 7^., extra cloth. 

Drawing for Builders and Students. 

PRACTICAL RULES ON DRAWING for the OPERATIVE 
BUILDER and YOUNG STUDENT in ARCHITECTURE. 
By George Pyne, Author of a ** Rudimentaiy Treatise on Per- 
spective for Beginners." With 14 Plates. 4to, ^s, 6</., boards. 

Contents. — I. Practical Rules on Drawing— Outlines. II. Ditto — the Grecian 
and Roman Orders. III. Practical Rules on Drawing—Perspcctivt IV. Practical 
Rules on Light and Shade. V. Practical Rules on Colour, &c. &c. 

Ventilation. 

A TREATISE ON VENTILATION, NATURAL and ARTI- 
FICIAL. By Robert Ritchie, C.E., Author of "Railways, 
their Rise, Progress, and Construction," &c. &c. With numerous 
Plates and Woodcuts. 8vo, 8x. td, cloth. 

"This must continue to be for some time the text-book upon one of the chief diffi- 
culties of domestic architectural construction and of social hygienics.'* — Lancet. 

CottageSy Villas^ and Country Houses. 

DESIGNS and EXAMPLES of COTTAGES, VILLAS, and 
COUNTRY HOUSES ; being the Studies of several eminent 
Architects and Builders ; consisting of Plans, Elevations, and Per- 
spective Views ; with approximate Estimates of the Cost of each. 
In 4to, with 67 plates, price i/. ix., cloth. 

Weale's Builder's and Contractor's Price Book. 

THE BUILDER'S AND CONTRACTOR'S PRICE BOOK 
(Lock WOOD & Co.'s, formerly W bale's). Published Annually. 
Containing Prices for Work in all branches of the Building Trade, 
with Items numbered for easy reference, and an Appendix of 
Tables, Notes, and Memoranda, arranged to afford detailed infor- 
mation, commonly required in preparing Estimates, &c. Originally 
Edited by the late Geo. R. Burnell, C.E., &c i2mo, 4;., cloth. 

"A multitudinous variety of useful information for builders and contractors. • • • ,. 
With its aid the prices for all work connected with the building trade may be esti- 
mated. " — Building News. 

" Carefully revised, admirably arranged, and clearly printed, it offers at a glance a 
ready method of preparing an estimate or specification u^n a basis that is unquestion- 
able. A reliable book of reference in the event of a dupute between employer and 
employed.** — Engineer. 

'* Well done and reliable. It is the duty of a just critic to point out where any 
improvement can be made in any work, but Mr. Burnell has anticipated all objections 
in nis clearly-printed book. We therefore recommend it to all teuiches of the pro- 
fession."— i^Mr/ZuA Mechanic. 
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NAVAL ARCHITECTURE, &c. 

1 

Ship-Building and Steam Ships. 

SHIP-BUILDING IN IRON AND WOOD. Bv Andrew 
Murray, M.I.C.E., Chief Engineer and Inspector of Machinery 
of H.M.'s Dockyard, Portsmouth ; and STEAM SHIPS, by 
Robert Murray, C.E., Engineer Surveyor to the Board of 
Trade. Second Edition. In i vol., 4to, with 28 Plates and 
numerous Woodcuts, price 14J. cloth. 

" Indispensable in the office of the naval architect, whether emplosring wood or 
iron." — rractu:€U Mechanic* s Journal. 

"Oiu;ht to be in the hands of every shipbuilder or shipwright."— vfivmi^rr/AM// 
Mtrald. 

Naval Architecture. 

RUDIMENTS OF NAVAL ARCHITECTURE. Compiled 
for the Use of Beginners. By James Peake, formerly of the 
School of Naval Architecture, H.M. Dockyard, Portsmouth. 
Third Edition, with many Illustrations. i2mo, cloth limp, price jx. 

Principles of Ship Construction. 

ELEMENTARY AND PRACTICAL PRINCIPLES of the 
CONSTRUCTION OF SHIPS for OCEAN AND RIVER 
SERVICE. By Hakon A. Sommerfeldt, Surveyor to the 
Royal Norwegian Navy. Z2mo, cloth limp, price \s, 

•/ Atlas of Fifteen Plates to the above. 410, price yj. 6^. 

Masting, Rigging of ShipSy &c. 

RUDIMENTARY TREATISE ON MASTING, MAST- 
MAKING, and RIGGING OF SHIPS. By Robert Kipping, 
N.A. loth Edition, Illustrated. i2mo, cloth limp, price is, 6J. 

Sail'MaMng. 

ELEMENTARY TREATISE ON SAIL-MAKING ; with 
Draughting, and the Centre of Effort of the Sails. Also Weights 
and Sizes of Ropes, Masting, Rigging, and Sails of Steam Vessels, 
&c By Robert Kipping, N.A. Seventh Edition. With 
numerous Woodcuts. l2mo, cloth limp, price 2j. td. 

Navigation, &c. 

RUDIMENTARY TREATISE ON NAVIGATION ; the 
Sailor's Sea- Book. In Two Parts. Part I. — How to Keep the 
Log and Work it off, &c. Part IL— On Finding the Latitude 
and Longitude. By Tames Greenwood, Esq., B.A. Fifth 
Edition. With several Engravings and Illustrations (in colours) 
of the Flags of Maritime Nations. lamo, cloth limp, price 2x. 
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Grantham s Iron Skip-Buildings enlarged. 

ON IRON SHIP-BUILDING ; with Practical Examples and 
Details. Fifth EditioxL Imp. 4to, boards, enlarged from 24 to 40 
Plates (21 quite new), including the latest Elxamples. Together 
with separate Text, i2mo, cloth limp, also considerably enlarged, 
By John Grantham, M. Inst. €.£.,&& Price 2/. 2j. complete. 



Description of Plates, 



X. 



a. 



5- 



8. 



10. 



II. 
12. 



»3- 



»4. 
15. 



i5«. 



Hollow and Bar Keels, Stem and 
Stern Posts. (Pieces. 

Side Frames, Floorinffs, and Bilge 

Floorings r^Mi/MiN^^— Keelsons, Deck 
Beams, Gunwales, and Stringers. 

Gunwales continued — Lower Decks, 
and Oriop Beams. 

Gunwales and Deck Beam Iron. 

Angle-Iron, T Iron, Z Iron, Bulb 
Iron, as Rolled for Building. 

Rivet^ shown in section, natural size ; 
Flush and Lapped Joints, with 
Single and Douole Riveting. 

Plating, three plans ; Bulkheads and 
Model of Securing them. 

Iron Masts, with Longitudinal and 
Transverse Sections. 

SlidinK Keel, Water Ballast,Moulding 
the Frames in Iron Ship Building, 
Levelling Plates. 

Longitudinal Section, and Half- 
breadth Deck Plan of Large Vessels 
on a reduced Scale. 

Midship Sections of Three Vessels. 

Large Vessel^ showing Details — Fore 
End in Section, and End View, 
with Stem Post, Crutches, &c. 

Large KMcr^showing Details— yf/i'rr 
End in Section, with End View, 
Stem Frame for Screw, and Rudder. 

Lair^ ^Vxse/, showing Details— A/^- 
skt^ Section Aa\{ breadth. 

Machines for Punching and Shearing 
Plates and Angle-Iron, and for 
Bending Plates : Rivet Hearth. 

Beam-Bending Machine, Indepen- 
dent Shearmg, Punchingand Angle- 
Iron Machine. 



25^. Double Lever Punching and Shearing 
Machine, arranged for cutting 
Angle and T Iron, with Dividing 
Taue and Engine. 

x6. Machines. — Garfoith's Riveting Ma- 
chine, Drilling and Counter-Smking 
Machine. 

16a. Plate Planing Machine. 

17. Air Furnace for Heating Plates and 

Angle-Iron : Various 1u>ols used in 
Riveting and Plating 

18. Gunwale ; Keel and Flooring ; Plan 

for Sheathing with Copper. 
iSa. Grantham's Improved Pun of Sheath- 
ing Iron Ships vrith Copper. 

Illustrations of the Mag^netic Condi- 
tion of various Iron Ships. 

Gray's Floating Compass and Bin- 
nacle, with Adjusting Magnets, &c. 

Corroded Iron Bolt in Frame of 
Wooden Ship ; Jointing Plates. 
Great Eastern — Longitudinal Sec- 
tions and Half-breadu Plans — Mid- 
ship Section, with Details — Section 
in Engine Room, and Paddk Boxes. 
35-6. Paddle Steam Vessel of Steel. 
27. Scar6rouf^k—9^iiS\K Vessel of Steel. 
3S-9. Proposed Passoiger Steamer. 
30. Persian — Iron Screw Steamer. 

Midship Section of H.M. Steam 
Frigate, Warrior, 

Midship Section of H.M. Steam 
Frigate, Hercules, 

Stem, Stern, and Rudder of U.M. 
Steam Frigate, Bellerofhan, 

Midship Section of H.M. Troop Ship, 
SereMs. 

Iron Floating Dock. 



19^ 



ao. 



ai. 



22-4. 



3X 



3a. 

33. 



34- 



35 



"An enlarged edition of an elaborately illustrated work.**— ^wVUSrr, July 11, x868. 

*' This edition of Mr. Grantham's work has been enlarged and improved, bodi with 
respect to the text and the engravings bein^ brought down to the present period . . 
The practical operations requuvd in producmg a shipare described and illustrated with 
care and precision." — Mechanics* Magaaine^ July 17, 1868. 

" A thorouehly practical work, and every question of the many in relation to iron 
shipping which admit of diversity of opinion, or have various and conflicting personal 
interests attached to them, is treated with sober and impartial wisdom and good sense. 
.As good a volume for the instruction of the pupil or student of iron naval 
architecture as can be found in any language." — Practical Mechanic* s yottmal, 
August, 1868. 

" A veiy elaborate work. . '. . It forms a most valuable addition to the history 
of iron shipbuilding, while its having been prepared by one who has made the subject 
his study for many years, and whose qualifications have been repeatedly recogntced, 
will recommend it as one of practical utility to all interested in shipbuiiding.**— ifnn^ 
and Navy Gazette, July xx, 1868. 
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CARPENTRY, TIMBER, &c. 

• 

I TredgolcTs Carpentry ^ new & enlarged Edition. 

THE ELEMENTARY PRINCIPLES OF CARPENTRY : 
a Treatise on the Pressure and Equilibrium of Timber Framing, the 
Resistance of Umber, and the Construction of Floors, Arches, 
Bridges, Roofs, Uniting Iron and Stone with Timber, &c. To which 
is added an Essay on the Nature and Properties of Timber, &c., 
with Descriptions of the Kinds of Wood used in Building ; also 
numerous Tables of the Scantlings of Timber for different purposes, 
the Specific Gravities of Materisds, &c. By Thomas Tredgold, 
C.E. Edited by Peter Barlow, F.R.S. Fifth Edition, cor- 
rected and enlarml. With 64 Plates (I I of which now first appear 
in this edition), Portrait of the Author, and seveitd Woodcuts. In 
^ I laige vol., 4to, 2/. 2J. extra cloth. [Just pttbiished. 

"'Tredgolcfs Carpentry' ought to be in every architect's and every builder's 
library, and those who do not already possess it ought to avail themselves of the new 
' issue. -—^wAMIrr, April g^ 1870. 

"A work whose monumental excellence must commend it wherever skilful car* 
I>entry is concerned. The Author's principles are rather confirmed than impaired by 
time, and, as now presented, combine the surest base with the most interesting display 
of progr e ssive science. The additional plates are of great intrinsic value.''---2ariVaM^ 
News, FeK 25, 187a 

'"Tr«dgoId's Carpentry' has ever held a high position, and the issue of the fifth 
edition, in a still more improved and enlaxi^ed form, will |pve satisfaction to a very 
large number of artuaiis who desire to raise themselves m their business, and who 
seeK to do so by displaying a greater amount of knowledge and intelligence than their 
fellow-workmen, it is as complete a work as need be desired. To the superior 
workman the volume will prove invaluable ; it contains treatises written in language 
which he will readily comprehend."— ilfrnM;^ Journal, Feb. xa, 1870. 

Grandys Timber Tables. 

THE TIMBER IMPORTER'S, TIMBER MERCHANTS, 
and BUILDER'S STANDARD GUIDE. By Richard E. 
Grandy. Comprising : — An Analysis of Deal Standards, Home 

I and Foreign, with comparative Values and Tabular Arrangements 

for Fixing Nett Landed Cost on Baltic and North American Deals, 
including all intermediate Expenses, Freight, Insurance, Duty, &c, 
&c. ; together with Copious Information for the Retailer and 

I Builder. i2mo, price Is, td. cloth. 

I " Everything it pretends to be : built up gradually, it leads one from a forest to a 

trenail, and throws in, as a makeweight, anost of material concerning bricks, columns, 
cisterns, &c.— 'all that the class to whom it appeals requires. "-^-^ff^JuA Mechanic. 

** The only difficulty we have is as to what is not in its pages. What we have tested 
of the contents,taken at random, is inyaunahiyGarnct,'*--/UmtraUdBnMer'* yaumoL 



Tables for Packing-Case Makers. 



PACKING-CASE TABLES; showing the number of Superficial 

Feet in Boxes or Packing-Cases, from six inches square and 

upwards. Compiled by William Richardson, Accountant. 

Oblong 4to, cloth, price 31. 6d, 

"Will save much labour and calculation to packing-case makers and those who use 
packing-cases.'*— <7fvctfr. " Invaluable labour-saving tables."— /rmrmMs^yr. 



20 WORKS PUBLISHED BY LOCKWOOD & CO. 

Nicholson's Carpenter's Guide. 

THE CARPENTER'S NEW GUIDE ; or, BOOK of LINES 
for CARPENTERS : comprising all the Elementary Principles 
essential for acquiring a knowledge of Carpentry. Founded on the 
late Peter Nicholson's standard work. A new Edition, revised 
by Arthur Ashpitel, F.S.A., together with Practical Rules on 
Drawing, by George Pyne. With 74 Plates, 4to, i/. is, cloth. 

Dowsing' s Timber Merchant's Companion. 

THE TIMBER MERCHANTS AND BUILDER'S COM- 
PANION ; containing New and Copious Tables of the Reduced 
Weight and Measurement of Deals and Battens, of all sizes, from 
One to a Thousand Pieces, and the relative Price that each size 
bears per Lineal Foot to any given Price per Petersbuigh Standard 
Hundred ;, the Price per Cube Foot of Square Timber to any given 
Price per Load of 50 Feet ; the proportionate Value of D^ds and 
Battens by the Standard, to Scjuare Timber by the Load of 50 Feet ; 
the readiest mode of ascertainmg the Price of Scantling per Lineal 
Foot of any size, to any given Figure per Cube Foot. Also a 
. variety of other valuable information. By William Dowsing, 
Timber Merchant. Second Edition. Crown 8vo, 3/. cloth. 

" Ererything is as concise and clear as tt can possibly be made. There can be no 
doubt that every timber merchant and builder ought to possess it,becaase sudi possession 
would, with use, unquestionably save a very great deal of time, and, moreover, ensure 
perfect accuracy in odculations. There is also another class besides these who ought 
to possess it ; we mean all persons engaged in canning wood, where it is requisite to 
ascertain its weight. Mr. Dowsing's tables provide an easy means of domg this. 
Indeed every perK>n who has to do with wood ought to have iL^-^HuU Advertiser. 



MECHANICS, &c. 



Mechanic's Workshop Companion. 

THE OPERATIVE MECHANICS WORKSHOP COM- 
PANION, and THE SCIENTIFIC GENTLEMAN'S PRAC- 
TICAL ASSISTANT ; comprising a great variety of the most 
useful Rules in Mechanical Science ; with numerous Tables of Prac« 
tical Data and Calculated Results. By W. Templeton, Author 
of *'The Engineer's, Millwright's, and Machinist's Practical As- 
sistant." Ninth Edition, with the addition of Mechanical Tables 
for Operative Smiths, Millwrights, Engineers, &c. ; together with 
several Useful and Practical Rules in Hydraulics and Hydrody- 
namics, a variety of Experimental Results, and an Extensive Table 
of Powers and Roots. II Plates. i2mo, 5x. bound. 

" As a text-book of reference, in which mechanical and commercial demands are 
judiciously met, Tbmplbton's Companion stands unrivalled. " — Meckaniaf Magazine, 

" Admirably adapted to the wants of a very lax;^e class. It has met with great 
success in the engineering workshop, as we can testify ; and there are a great many 
men who, in a great measure, owe their rise in life to this little work. "-^BMiUiMg New, 
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Engineers Assistant. 

THE ENGINEER'S, MILLWRIGHT'S, and MACHINISTS 
PRACTICAL ASSISTANT ; comprising a Collection of Useful 
Tables, Rules, and Data. Compiled and Arranged, with Original 
Matter, by W. Templeton, Author of ** The Operative Mechiuiic's 
Workshop Companion." 4th Edition. i8mo, 2j.6<^. cloth. 

" A perfect vade mecum for all who are practically engaged in mechanical pursuit*. 
So much varied information compressed into so small a ^nce, and published at a price 
which places it within the reach of the humblest mechanic, cannot fail to command the 
sale which it deserves.^ With the utmost confidence we stamp this book with the appro- 
bation of the ' Mechanics' Magazine/ and having done so, commend it to the attention 
of our readers." — Mechanics' Magazine, 

" To a practical engineer it must be of incalculable value.**-— //^^rw/Vr^ Herald. 

*\ This work contains, in a connected and convenient form, admirably^ arranged and 
lucidly explained, all the information likely to be immediately and lastingly useful to 
those whose interests it b designed to subserve." — Manu/actttrer and Inventor. 

" Every mechanic should become the possessor of the volume, and a more suitable 
present to an apprentice to any of the mechanical trades could not possibly be made." 
'^Building News, 

Designings Measuring, and Valuing. 

THE STUDENTS GUIDE to the PRACTICE of DESIGN. 
ING, MEASURING, and VALUING ARTIFICERS' WORKS ; 
containing Directions for taking Dimensions, Abstracting the same, 
and bringing the Quantities into Bill, with Tables of Constants, 
and copious Memoranda for the Valuation of Labour and Materials 
in the respective Trades of Bricklayer and Slater, Carpenter and 
Joiner, Sawyer, Stonemason, Plasterer, Smith and Ironmonger, 
Plumber, Painter and Glazier, Paperhanger. With 43 Plates and 
Woodcuts. The measuring, &c., edited by Edward Dobson, 
Architect and Surveyor. Second Edition, with the Additions on 
Design, by E. Lacy Garbett, Architect ; together with Tables 
for Squaring and Cubing. In one vol., 8vo, 9J. extra cloth. 

Superficial Measurement. 

THE TRADESMAN'S GUIDE TO SUPERFICIAL MEA- 
SUREMENT. Tables calculated from I to 200 inches in length, 
by I to 108 inches in breadth. Particularly recommended to Archi- 
tects, Surveyors, Engineers, Timber Merchants, Builders, Car- 
g inters. Upholsterers, Coach Makers, Looking and Crown Glass 
ealers, Pointers, Stonemasons, &c. By James Hawkings. 
Fcp. 3^. 6d, cloth. 

Manufacture of Iron. 

IRON : its History, Properties, and Processes of Manufacture. 

By William Fairbairn, C.E., LL.D., F.R.S., &c With 

numerous Woodcuts. New Edition, revised and enlaiged. 8vo, 

price icxr. (xi, cloth. 

"A scientific work of the first class, whose chief merit lies in bringing the more 
important facts connected with iron into a small compass, and within the comprehen- 
sion and the means of all persons engaged in its manufacture, sale, or use."— Afn^4«ivfc/ 
Maganne. 
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MATHEMATICS, &c. 

> 

Gregory s Practical Mathematics. 

MATHEMATICS for PRACTICAL MEN ; being a Common- 
place Book of Pure and Mixed Mathematics. Designed chiefly 
for the Use of Civil Engineers, Architects, and Surveyors. Part I. 
Pure Mathematics — comprising Arithmetic, Algebra, Geometry, 
Mensuration, Trigonometry, Conic Sections, Properties of Curves. 
Part II. Mixed Mathematics — comprising Mechanics in general, 
Statics, Dynamics, Hydrostatics, Hydrodynamics, Pneumatics, 
Mechanical Agents, Strength of Materials. With an Appendix of 
copious Logarithmic and other Tables. By Olinthus Gregory, 
LL.D., F.R.A.S. Enlarged by Henry Law, C.E. 4th Edition, 
carefully revised and corrected by J. R. Young, formerly Profes- 
sor of Mathematics, Belfast College ; Author of "A Course of 
Mathematics,'' &c. With 13 Plates. Medium 8vo, i/. is, doth. 

" As a standard work on mathematics it has not been excelled.** — Artvtan. 

" The en^iDccr or architect will here find read]^ to his hand, rules for solving nearly 
every mathematical difficulty that may arise in lus practice. As a moderate acquaint- 
ance with anthmedc, algebra, and elementary geometry is absolutely necessary to the 
proper understanding of the most useful portions of this book, the author very wisely 
has devoted the first three chapters to those subjects, so that the most ignorant may be 
enabled to master the whole of the book, without aid from any other. The rules are in 
all cases explained by means of examples, in which every step oi the process is clearly 
worked out" — Builder. 

'* One of the most serviceable books to the practical mechanics of the country. . 
The edition of Z847 was fortunately entrusted to the able hands of Mr. Law, who 
revised it thoroughly, re-wrote many chapters, and added several sections to those 
which had been rendered imperfect by advanced knowledge. On examining the various 
and many improvements which he introduced into the work, they seem almost like a 
new structure on an old plan, or rather like the restoration of an old ruin, not onlv to 
its former substance, but to an extent which meets the lars^er requirements of modem 

times In the edition just brought out, the work has again been revised by 

Professor Young. He has modernised the notation throughout, introduced a few 
paragraphs here and there, and corrected the numerous typographical errors which 
nave escaped the eyes of the former Editor. The book is now as complete as it is 
possible to make it. ... . We have carried our notice of this book to a greater 
length than the space allowed us justified, but the experiments it contains are so 
interesting, and the method of describing them so clear, that we may be excused for 
overstepping our limit It is an instructive book for the student, and a Text- 
book for him who having once mastered the subjects it treats of, needs occasionally to 
refresh his memory upon them." — Building News. 

The Metric System. 

A SERIES OF METRIC TABLES, m which the BriUsh 
Standard Measures and Weights are compared with those of the 
Metric System at present in use on the Continent By C. H. 
DowLiNG, C. E. Svo, lOLf. 6</. strongly bound. 

" Mr. Dowling's Tables, which are well put together, come just in time as a ready 
reckoner for the conversion of one system into the other.** — Atheiutum. 

** Their accuracy has been certified by Professor Airy, Uie Astronomer RoyaL"— 
Builder, 

" Resolution 8.-^That advantage will be derived from the recent publication of 
Metric Tables, by C H. TyoytrWn^.Q.Y.:'— Report 0/ Section F, British Associatitm, 
Bath. 
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InwoocTs Tables y greatly enlarged and improved. 

TABLES FOR THE PURCHASING of ESTATES, Freehold, 
Copyhold, or Leasehold; Annuities, Advowsons, &c., and for the 
Renewing of Leases held under Cathedral Churches, Colleges, or 
other comorate bodies ; for Terms of Years certain, and for Lives ; 
also for Valuing Reversionary Estates, Deferred Annuities, Next 
Presentations, &c, together with Smart's Five Tables of Compound 
Interest, and an Extension of the same to lower and Intermediate 
Rates. By William Inwood, Architect. The i8th edition, with 
considerable additions, and new and valuable Tables of Logarithms 
for the more Difficult Computations of the Interest of Money, Dis- 
count, Annuities, &c., by M. F^dor Thoman, of the Soci^te 
Cr^it Mobilier- of Paris. i2mo, %s, cloth. 

%• Tkii edition [the 18/A) differs in many important particulars 
from former ones. The changes consist, first, in a more cofwenient 
and systematic arrangement of the original Tables, and in the removal 
of certain numerical errors which a very careful revision of the whole 
has enabled the present editor to discover; and secondly, in the 
extension of practical utility conferred on the work by the introduction 
of Tables new inserted for the first time. This new and important 
matter is all so much actually added to In wood's Tables ; nothing 
has been abstracted from the original collection: so that those who have 
been long in the habit of consulting In WOOD for any special profes- 
sional purpose will, as heretofore, find the information sought still in 
its pages, 

'* Those interested in the purchase and sale of estates, and in the adjustment of 
compensation cases, as well as in transactions in annuities, life insurances, &c., will 
find the present edition of eminent i/trtvx.^^^^Enguutring. 

"More than half a century has elapsed since the first edition was published, yet 
' Inwood's Tables ' still maintain a most enviable reputation ; and when it is considered 
that the new issue, the Eighteenth edition, has been enriched by large additional 
contributions by Mr. F6dor Thoman, of the French Credit Mobilier, whose carefully 
arranged tables of logarithms for the more difficult computations of the interest of 
money, discount, annuities, &c., cannot fail to be of the utmost utility, its value will 
be appreciated. The introduction contains an admirable epitome of the principles of 
decisuls, and an explanation of all that is necessary to render the elaborate tables in 
the book of thorou^n utility to all consulting it This new edition will certainly be 
referred to with quite as much confidence as its predecessors."— -fl/««»v JourHoi. 

Compound Interest and Annuities. 

THEORY of COMPOUND INTEREST and ANNUITIES ; 
with Tables of Logarithms for the more Difficult Computations of 
Interest, Discount, Annuities, &c., in all their Applications and 
Uses for Mercantile and State Purposes. With an elaborate Intro- 
duction. By F6dor Thoman, of the Society Credit Mobilier, 
Paris. lamo, doth, 5^. 

" A very powerful work, and the Author has a very remarkable command of his 
subject.'*— /*nj/SMwry<. dt Morgan. 

'* No banker, merchant, tradesman, or man of business, ought to be without Mr. 
Thoman's truly 'handy-book.'" — Review. 

" The author of this ' handy-book ' deserves our thanks."— //Mwrnj/rtf Gnsette. 

" We recommend it to the notice of actuaries and accountants."— ^M^»<rv»r. 
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SCIENCE AND ART. 



The Military Sciences. 

AIDE-MfiMOIRE to the MILITARY SCIENCES. Framed 
from Contributions of Officers and others connected with the dif- 
ferent Services. Originally edited by a Committee of the Corps of 
Royal Engineers. Second Edition, most carefully revised by an 
Officer of the Corps, with many additions ; containnig nearly 350 
Engravings and many hundred Woodcuts. 3 vols. xofiX 8vo, extra 
cloth boards, and lettered, price 4/. lox. 

" A compendious encydopasdia of oiilitary knowledcef to whidi we are greatly \ar 
debted."— jffi^M^wfTA Review. 

*' The most comprehensive woik of reference to the military and collateral adences. 
Among the list of contributors, some seventy-seven in number, wiU be found names of 
the highest distinction in the services. . . . The work claims and possewes the great 



merit that by far the larger portion of its subjects have been treated originally l^ the 
practical men who have oeen its Gaa\xCo\}Xfiir%r'^Vobmieer Service duette. 

Field Fortification, 

A TREATISE on FIELD FORTIFICATION, the ATTACK 
of FORTRESSES, MILITARY, MINING, and RECON- 
NOITRING. By Colonel I. S. Macaulay, late Professor of 
Fortification in the Royal Military Academy, Woolwich. Sixth 
Edition, crown 8vo, cloth, with separate Atlas of 12 Plates, sewed, 
price izr. complete. [Recently pdfliskttL 

Dye- Wares and Colours. 

THE MANUAL of COLOURS and DYE- WARES : their 
Properties, Applications, Valuation, Impurities, and Sophistica- 
tions. For the Use of Dyers, Printers, Dry Salters, Brokers, &c. 
By J. W. Slater. Post 8vo, cloth. \Just Ready. 

%• The object of this Manual is to furnish^ in brief space, an 
account of the chemical products and natural wares used in dyeings 1 

printings and the accessory arts^ their properties^ their applications^ ! 

the means of ascertaining their respective values^ and of detecting tht \ 

impurities which may be present. 

Electricity. 

A MANUAL of ELECTRICITY ; including Galvanism, Mag- 
netism, Diamagnetism, Electro-Dynamics, Magno-Electricity, and 
the Electric Telegraph. By Henry M. Noad, Ph.D., F.C.S., 
Lecturer on Chemistry at St. George's HospitaL Fourth Edition, 
entirely rewritten. Illustrated by 500 Woodcuts. 8vo, i/. 4r. doth. 



«f 



This publication fully bears out its title of ' Manual.' It discusses in a satis&ctory 
iner electricity, fricttonal and voltaic, thermoelectricity, and dectro-physiology. 

ly bestowed in the pages of the Lancet on the fonner 
than ever merited by the present. The accounts given 
e not only complete m a scientific sens^ but, whicn is a 



manner 
"—Atketueumi, 

" The commendations already bestowed in the pages of the Lancet on the fonner 
editions of this work are more 
of electricity and galvanism are 
rarer thing, are popular and interesting^"-— Z>affc^/. 
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Text-Book of Electricity. 

THE STUDENT'S TEXT-BOOK OF ELECTRICITY: in- 
eluding Magnetism, Voltaic Electricity, Electro- Magnetism, Dia- 
magnetism, Magneto-Electricity, Thermo-Electricity, and Electric 
Telegraphy. Being a Condensed R^um^ of the Theory and Ap- 
plication of Electrical Science, including its latest Practical Deve- 
lopments, particularly as relating to Aerial and Submarine Tele- 
graphy. By Henry M. Noad, Ph.D., Lecturer on Chemistry at 
St. George's Hospital. Post 8vo, 400 Illustrations, 12s, (kL cloth. 
*,* In carrying Old the design of this worky the author has availed 
himself hoth of the matter [in a condensed ffrm) and of the illustrations 
of his ** Manual of Electricity;" ^ the present volume will be found 
to contain much additional and important information, {with many 
new illustrations^) which has become available since the publication 
of his larger work, 

** We can recommend Dr. Noad's tx>ok for clear style, great range of subject, a good 
index, and a plethora of woodcuts. Such collections as the present are indispensable.** 

" A most elaborate compilation of the facts of electricity and magnetism, and of the 
theories which have been advanced concerning them.'* — Poplar Science Review. 

'* Clear, compendious, compact, well illustrated, and well printed, this is an excel- 
lent manual." — Lancet. 

" We can strongly recommend the work, as an admirable text-book, to every student 
— beginner or advanced— of electricity." — Engineering. 

** The most complete manual on the subject of electricity to be met with.** — Observer. 

** Nothing of value has been passed over, and nothing given but what will lead to a 
correct, and even an exact, knowledge of the present state of electrical science." — 
Mechanic^ Magtuine. 

*' We know of no book on electricity containing so much information on experi- 
mental facts as this does, for the size of it, and no book of any size that contains so 
complete a range o{ Ucx&.'*— English Mechanic. 

Chemical Analysis. 

THE COMMERCIAL HANDBOOK of CHEMICAL ANA- 
LYSIS ; or Practical Instructions for the determination of the In- 
trinsic or Commercial Value of Substances used in Manufactures, 
in Trades, and in the Arts. By A. Normandy, Author of ** Prac- 
tical Introduction to Rose's Chembtry," and Editor of Rose's 
"Treatise of Chemical Analysis." Illustrated with Woodcuts. 
Second and cheaper Edition, post 8vo, 9^. doth. 

"We recommend this book to the careful perusal of every one ; it may be truly 
affirmed to be of tmiversal interest, and we stron^y recommend it to our readers as a 
guide, alike indi^tensable to the housewife as to the pharmaceutical practitioner."— 
Medtcal Times. 

" A volume of surpassing interest, in which the Author describes the character and 
properties of 400 different articles of commerce, the substances by vrhich they are too 
frequently adulterated, and the means of their detection."— ^m«>^ journal. 

** The very best work on the subject the English press has yet produced."— Afr- 
chanici Magazine. 

Practical Philosophy. 

A SYNOPSIS of PRACTICAL PHILOSOPHY. By the Rev. 
John Carr, M.A., late Fellow of Trin. Coll., Cambridge. Second 
Edition. i8mo, 5j. cloth. 
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Science and A rt. 

THE YEAR-BOOK of FACTS in SCIENCE and ART ; ex- 
hibiting the most important Improvements and Discoveries of the 
Past Year in Mechanics and the Usefiil Arts, Natural Philosophy, 
Electricity, Chemistry, Zoology and Botany, Geology and Mine- 
ralogy, Met^rology and Astronomy. By John Timbs, F.S.A., 
Author of "Curiosities of Science," "Things not Generally 
Known,'' &C. With Steel Portrait and Vignette. Fcap. y. doth. 

%• This worhf published annualfy^ records the proceedings of the 
principal scientific societies^ and is indispensable if all who wish to 
possess a faithful record of the latest novelties in science and the arts. 

The back Volumes, from 1861 to 1869, each containing a Steel 
Portrait, and an eictra Volume for 1862, with Photograph, may still 
be had, price 5j. each. 

** Persons who wish for a concise annual summary of important scientific events will 
find their desire in the * Year Book of Facts.* " — Athttutum. 

** The standard work of its class. Mr. Timbs's ' Year Book ' is always full of sufipes- 
tive and interesting matter, and is an excellent rUumt of the year's progress in the 
sciences and the 9xXs.**-^Builder. 

'* A correct eicponent of scientific progress .... a record of abiding bterest If 
anyone wishes to know what progress saence has made, or what has been done in any 
brandi of art during the past year, he has only to turn to Mr. Umbs's podges, and 
is sure to obtain the required infonnadon." — Mechanics* Mitgazine. 

** An invaluable compendium of scientific progress for which the public are indebted 
to the imtiring energy of Mr. Timbs.'*— /I //at. 

" There is not a more useful or more interestingcompilataon than the 'Year Book of 
Facts.* . . . The discrimination with which Mr. Timbs selects his facts, and the admi- 
rable manner in which he condenses into a comparatively short space all the salient 
features of the matters which he places on record, are deserving of great praise.**— 
Railway Newt, 

Science and Scripture. 

SCIENCE ELUCIDATIVE OF SCRIPTURE, AND NOT 
ANTAGONISTIC TO IT ; being a Series of Essays on— i. 
Alleged Discrepancies; 2. The Theory of the Geologists and 
Figure of the Earth ; 3. The Mosaic Cosmogony ; 4. Miracles in 
general — Views of Hume and Powell ; 5. The Miracle of Joshua — 
Views of Dr. Colenso : The Supematurally Impossible ; 6. The 
Age of the Fixed Stars— their Distances and Masses. By Professor 
J. R. Young, Author of " A Course of Elementary Mathematics," 
&c &c Fcap. 8vo, price 5^. cloth lettered. 

" Professor Young's examination of the early verses of Genesis, in connection with 
modem scientific hypotheses, is excellent."— ^Mj^/iirA CkttrckmoM. 

'* Distinguished by the true spirit of scientific inquiry, by great knowledge, by keen 
logical abiuty, and by a style peculiariy clear, easy, and energetic.*'— ATMiaws^wMKtf/. 

" No one can rise from its perusal vrithout beine impressed with a sense of the sin- 
gular weakness of modem scepticism."— ^//*r/ Mageatme. 

*' The author has displayed considerable learning and critical acumen b combating 
the objections alluded to The volume is one of considerable value, inas- 
much as it contains much sound thought, and is calculated to assist the reader to dis- 
criminate tru^ from error, at least so far as a finite mind is able to separate them. 
The work, therefore, must be considered to be a valuable contribution to conlrovenial 
theologicu literature."— Cu^ Preu, 
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Geology and Genesis Harmonised. 

THE TWIN RECORDS of CREATION; or, Geology and 
Genesis, their Perfect Harmony and Wonderful Concord. By 
George W. Victor Lb Vaux. With numerous Illustrations. 
Fcap. 8vb, price 5j. cloth. 

*' We can recommend Mr. Le Vaux as an able and intereadng guide to a i>opular 
appredatioo of geological science. "—kSjAfr/a/^r. 

"The author combines an unbounded admiration of science with an unbounded 
admiration of the Written Record. The two impulses are balanced to a nicety ; and 
the consequence is, that difficulties, which to minds less evenly poised, would be 
serious, find immediate solutioos of the happiest \ixx^!*-r-Lo$uUm Rtxfiew, 

" Mr. Le Vaux vary feasiUy reconciles the two records.**-— ^au/oErr. 

" A most instructive and readable book. We welcome this volume as aiding in a 
most important discussion, and commend it to those interested in the subject." — 
EvoHgtlkal MagetMmt, 

** Vigcrously written, reverent in spirit, stored widi instructive geological facts, and 
designed to show that there is no discrepancy or inconsistency between the Word smd 
the works of the Creator. The future of Nature, in connexion with the glorious destiny 
of man, is vividly conceived."'— IVaic km t m , 

" A valuable (»ntribution to the evidences of Revelation, and disposes verv con- 
clusivelv of the arauments of those who would set God's works against God's Word. 
No real difficulty is shirked, and no sophistry is left unexposed."— STAr Rock. 

Wood' Carving. 

INSTRUCTIONS in WOOD-CARVING, for Amateurs; with 
Hints on Design. By A Lady. In emblematic wrapper, hand- 
somely printed, with Ten large Plates, price 2s. 6d, 

" The handicraft of the wood-carver, so well as a book can impart it, may be learnt 
from 'A Lady's' publication." — Athttuntm, 

" A real practical gmdt. It is very complete. "'^LiUrary CkurckmoH, 

" The directions given are plain and easily understood, and it forms a very good 

introduction to the practical part of the carver's wet."—EMgiisk Mechanic, 

" The writer of the litde treatise before us deals very plainly and practically with 

her subject. .... The illustrations are admirably drawn, ncariy all the patterns being 

remarkable for their gnuxfiil omamenution. We can confidently recommend the 

book to amateur wood-carvers."— Fiwm^ EngHskwomoH. 

Popular Work on Painting. 

PAINTING POPULARLY EXPLAINED; with Historical 
Sketches of the Progress of the Art By Thomas John Gullick, 
Painter, and John Timbs, F.S.A. Second Edition, revised and 
enlarged. With Frontispiece and Vignette. In small 8vo, 6x. cloth. 

*«* This Work has been adopted as a Prize-book in the Schools 
of Art at South Kensington. 

" A work that may be advantas[eously consulted. Much may be learned, even by 
those who fancy they do not require to be taught, from the careful perusal of this 
unpretending but comprehensive treatise." — Artjimmal. 

** A valuable book, which supplies a want. It contains a laige amount of original 
matter, agreeably conveyed, and will be found of value, as well by the young artist 
seeking information as by the general reader. We give a cordial wdcome to the book, 
and augur for it an increasing reputation." — BuUder, 

" This volume is one that we can heartilsr recommend to all who are desirous of 
tmderstandiug what they admire in a good painring/*— Z?<w!gy Nnm. 
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Delamott/s Works on Illumination & Alphabets. 

A PRIMER OF THE ART OF ILLUMINATION ; for the 
use of Beginners : with a Rudimentary Treatise on the Art, Prac- 
tical Directions for its Exercise, and numerous Examples taken 
from Illuminated MSS., printed in Gold and Colours. By F. Dela- 
MOTTE. Small 4tOy price 9J. Elegantly bound, cloth antique. 

" A handy book, beautifully illustrated ; th« text of which is well written, and cal- 
culated to bie usefuL . . . The examples of ancient MSS. recommended to the student, 
which, with much good sense, the author chooses from collections accessible to all, are 
selected with judgment and knowledge, as well as taste." — Athetumm. 

ORNAMENTAL ALPHABETS, ANCIENT and MEDIAEVAL ; 
from the Eighth Century, with Numerals ; including Gothic, 
Church-Text, large and small, German, Italian, Arabesque, Initials 
for Illumination, Mono^ms, Crosses, &c. &c, for the use of 
Architectural and Engineering Draughtsmen, Missal Painters, 
Masons, Decorative Painters, Lithographers, Engravers, Carvers, 
&c. &c. &c. Collected and engraved by F. Delamotte, and 
printed in Colours. Royal 8vo, oblong, price 41. cloth. 
*' A wdl-known engraver and draughtsman has enrolled in this useful book the 



result of many years' study and research. For those who insert enamelled sentences 

round gilded chalices, who blazon shop legends over shop-i' 

walls with pithy sentences from the Decalogue, this book will be useftiL" — AiAerutum. 



EXAMPLES OF MODERN ALPHABETS, PLAIN and ORNA 
MENTAL ; including German, Old English, Saxon, Italic, Per 
spective, Greek, Hebrew, Court Hand, Engrossing, Tuscan 
Riband, Gothic, Rustic, and Arabesque ; with several Original 
Designs, and an Analysis of the Roman and Old English Alpha 
bets, large and small, and Numerals, for the use of Draughtsmen 
Surveyors, Masons, Decorative Painters, Lithographers, Engravers, 
Carvers, &c. Collected and engraved by F. Delamotte, and 
printed in Colours. Royal 8vo, oblong, price 4s. cloth. 

** To artists of all classes, but more especially to architects and engravers, this very 
handsome book will be invaluable. There is comprised in it every possible shape into 
which the letters of the alphabet and numerals can be formed, and the talent which 
has been expended in the conception of the various plain and ornamental letters is 
wonderful '*--StaMdard. 

MEDIEVAL ALPHABETS AND INITIALS FOR ILLUMI- 
NATORS. By F. Delamotte, Illuminator, Designer, and 
Engraver on Wood. Containing 21 Plates, and Illuminated Title, 

Srinted in Gold and Colours. With an Introduction by J. Willis 
iROOKS. Small 4to, 6s. cloth gilt. 

" A volume in which the letters of the alphabet come forth glorified in gilding and 
all the colours of the prism interwoven and intertwined and intermingled, sometimes 
with a sort of rainbow arabesque. A poem emblazoned in these characters would be 
only comparable to one of those delicious love letters symbolized in a bunch of flowers 
well selected and cleverly arranged." — Sun. 

THE EMBROIDERER'S BOOK OF DESIGN ; containing Initials, 
Emblems, Cyphers, Monograms, Ornamental Borders, Ecclesias- 
tical Devices, Mediaeval and Modem Alphabets, and National 
Emblems. Collected and engraved by F. Delamotte, and 
. printed in Colours. Oblong royal 8vo, zs, 6d, in ornamental boards. 
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AGRICULTURE, &c. 



Youatt and Burris Complete Grazier. 

THE COMPLETE GRAZIER, and FARMER'S and CATTLE- 
BREEDER'S ASSISTANT. A Compendium of Husbandry. 
By William Youatt, Esq., V.S. nth Edition, enlarged by 
Robert Scott Burn, Author of "The Lessons of My Farm," &c. 
One large 8vo volume, 784 pp. i^ith 215 Illustrations, i/. \s, half-bd. 



CONTENTS. 



On the Breedingy Rtaringt Fattening^ 
ondGefuml Management ^Neat Cattle. 
— I ntroductorv View of the different Breeds 
of Neat Cattle in Great Britain. — Com- 
nurative View of the different Breeds of 
Neat Cattle. — General Observations on 
Buying and Stockinjo; a Farm with Cattle. 
—The Bull.— The Cow.— Treatment and 
Rearing of Calves. — Feedingof Calves for 
Veal.— -Steers and Draught Oxen.— Graz- 
ing Cattle.— Summer Soiling Cattle. — 
Winter Box and Stall-feedine Cattle.— 
Artificial Food for Cattle.— Preparation 
of Food.— Sale of Cattle. 

On the Ecottomy and AfoMogement 0/ 
the Dairy. — Milch Kine.— Pasture and 
other Food best calculated for Cows, as 
it re^rds their Milk. — Situation and 
Buildmgs proper for a Dairy, and the 
proper Dairy Utensils. — Management of 
MilK and Cream, and the Makine and 
Preservation of Butter. — Making and Pre- 
servation of Cheese. — Produce of a Dairy. 

On the Breedings Rearing, and Ma- 
nagement 0/ Farm-horses. — Introductory 
and Comparative View of the different 
Breeds of Farm-horses. — Breeding Horses, 
Cart StUUons and Mares. — Rearing and 
Trainine of Colts. — Age, Qualifications, 
and Sale of Horses. — Maintenance ana 
Labour of Farm-horses. — Comparative 
Merits of Draught Oxen and Horses.— 
Asses and Mules. 

On the Breeding, Rearing, and Fat- 
tening of Sheep. — -Introductory and Com- 
Sarative View of the different Breeds. — 
ferino, or Spanish Sheep. — Breeding and 
Management of Sheep. — Treatment and 
Rearing of House-lambs, Feedingof Sheep, 
Folding Sheep, Shearing of Sheep, &c. 

On the Breeding, Rearing, and Fat- 
tening 0/ Swine.-^nXToAyxclory and Com- 
parative View of the different Breeds of 
Swine. — Breeding and Rearing of Pigs. — 
Feeding and Fattening of Swine. — Curing 
Pork and Bacon. 



On the Diseases of Catt/e.— Diseases 
Incident to Cattle— Diseases of Calves. — 
Diseases of Hones.— Diseases of Sheep.— 
Diseases of Lambs. — Diseases Incident to 
Swine. — Breeding and Rearing of Do- 
mestic Fowls, Pigeons, &c— Palmipedes, 
or Web-footed kinds. — Diseases of Fowls. 

On Farm OMces and Implements oj 
Husbandry. — The Farm-house, the Farm- 
yard, and its Offices. — Construction of 
Ponds. — Farm Cottages. — Farm Imple- 
ments. — Steam Cultivation.— Sowbg Ma- 
chines, and Manure Distributors. — Steam 
Engines, Thrashing Machines, Corn- 
dressing Machbes, Mills, Bruising Ma- 
chines. 

On the Culture and Management of 
Grass Land. — Size and Shsipe of Fields. 
—Fences. — Pasture Landi. — Meadow 
Land. — Culture of Grass Land. — Hay- 
making. — Stacking Hay. — Impediments 
to the Scythe and the Eradication of 
Weeds. — Paring and Burning.— Draining. 
Irrigation. — Warping. 

On the Cultivatton and Application 
of Grasses, Pulse, and Roots. — Natural 
Grasses usually cultivated. — Artificial 
Grasses or Green Crops. — Gnun and 
Pulse commonly cultivated for their 
Seeds, for their Straw, or for Green 
Forage. — Vegetables best calculated for 
Animal Food. — Qualities and Compara- 
tive Value of some Grasses and Roots as 
Food for Catde. 

On Manures in General, and their 
AMlication to Grass Land. — V^etable 
Manures. — ^Animal Manures. — Fossil and 
Mineral Manures.— Liquid or Fluid Ma- 
nures. — Composts. — Preservation of Ma? 
nures. — Application ofManures. — Flemish 
System of Manuring. — Farm Account, 
and Tables for Calcuuiting Labour by the 
Acre, Rocd, &c., and by the Day, Wedc, 
Month, &c. — Monthly Calendar of Work 
to be done throughout the Year. — Obser- 
vations on the Weather. — Index. 



" The standard, and text-book, with the farmer and grazier." — Farmer's Magazine. 

" A valuable repertory of intelligence for all who make agriculture a pursuit, and 
especially for those who aim at keeping pace with the improvements of the age." — 
Belts Messenger. 

" A treatise which will remain a standard work on the subject as long as British 
agriculture endures." — Maris Lane Express. 
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Scott Burtis Introduction to Farming. 

THE LESSONS of MY FARM : a Book for Amateur Agricul- 
turists, being an Introduction to Farm Practice, in the Culture •£ 
Crops, the Feeding of Cattle, Management of the Dairy, Poultry, 
and Pigs, and in the Keeping of Farm- work Records. By Robert 
Scott Burn, Editor of ""nie Year-Book of Agricultural Facts," 
&C. With numerous Illustrations. Fcp. 6s, doth. 

" A most complete iotroductioii to the whole round of fanning practice.** — yakn 
BulL 

"There are many hints in it which eren old fanners need not be ashamed to 
•eoe^**'~-M9rMimg Herald. 

Tables for Land Valuers. 

THE LAND VALUER'S BEST ASSISTANT: being Tables, 
on a very much improved Plan, for Calculating the Value of 
Estates. To which are added, Tables for reducing Scotch, Irish, 
and Provincial Customary Acres to Statute Measure ; also. Tables 
of Square Measure, and of the various Dimensions of an Acre in 
Perches and Yards, by which the Contents of any Plot of Ground 
may be ascertained without the expense of a regular Survey ; &c 
By R. Hudson, Civil Engineer. New Edition, with Additions and 
Corrections, price ^. strongly bound. 

"This new edition includes tables for ascertaining the value of leases for any tenn 
of years ; and for showing how to lay out plots of ground of certain acres in foms, 
stjtiare, round, ftc, with valuable rules for ascertainmg the probable worth of standing 
timber to any amount ; and is of incalculable value to the country gentleman and pro- 
fessional man." — Farmer's y<mrmU, 

The Laws of Mines and Mining Companies. 

A PRACTICAL TREATISE on the LAW RELATING to 
MINES and MINING COMPANIES. By Whitton Arun- 
DELL, Attomey-at-Law. Crown 8vo. 4^. dc^. 

Auctioneer's Assistant 

THE APPRAISER, AUCTIONEER, HOUSE AGENT, 
and HOUSE BROKER'S POCKET ASSISTANT. By John 
Wheeler, Valuer. A new edition, much improved and enlarged, 
and entirely re-written. \In pr^aration. 

The Civil Service Book-keeping. 

BOOK-KEEPING NO MYSTERY: its Principles popularly ex- 
plained, and the Theory of Double Entry analysed ; for the use of 
Young Men conmiencing Business, Examination Candidates, and 
Students ^^enerally. By an Experienced Book-Keeper, late of 
H.M. Civd Service. Second Edition. Fcp. 8vo. price 2s. cloth. 

"A book which brings the so<alled mysteries within the comprehcnsioo of the 
amplest capacity." — Simday Timet. 

"It is dear and concise, and exactly such a text-book aa students reqiure."— 
Quarteriy ymtmal qf Educatiom. 



WORKS PUBLISHED BY LOCKWOOD & CO. 



31 



Text'Book for Architects ^ Engineers ^ Surveyors ^ 
Land Agents^ Country Gentlemen^ &c. 

A GENERAL TEXT-BOOK for ARCHITECTS, ENGI- 
NEERS, SURVEYORS, SOLICITORS, AUCTIONEERS, 
LAND AGENTS, and STEWARDS, in aU their several and 
Taried Professional Occupations ; and for the Assbtance and 
Guidance of Country Gentlemen and others engaged in the Trans- 
fer, Management, or Improvement of Landed Property ; tc^ther 
with Examples of Villas and Country Houses. By Edward Ryde, 
Civil Engineer and Land Surveyor. To which are added several 
Chapters on Agriculture and Landed Property, by Professor 
Donaldson, Author of several works on Agriculture. With 
numerous Engravings, in one thick voL 8vo, price i/. &r. cloth. 



CONTBNTS. 



AxrrHUBTic 

Plank and Soud GaoMBTXY. 

Mensuration. 

Trigonombtry. 

Conic Sections. 

Land Measuring. 

Land Survbying. 

Lbveixing. 

Plotting. 

Computation op Arbas. 

CoFYiNG Maps. 

Railway Surveying. 

Colonial Survbying. 

Hydraulics in connbction 

WITH DrainagBp Sewbragb, 

and Water Supply. 



Timber Measuring. 

Artificers* Work. 

Valuation op Estates. 

Valuation op Tillage and Txnant 
Right. 

Valuation op Parishes. 

Builders' Prices. 

Dilapidations and Nuisances. 

The Law relating to Appraisers and 
Auctioneers. 

Landlord and Tenant. 

Tables op Natural Sines and Co- 
sines; FOR Reducing Links into 
Fbbt, &c. &C. 

Stamp Laws. 

Examples op Villas, &c. 



To which are added Fourteen Chapters 
ON LANDED PROPERTY. By Professor Donaldson. 

CHiap. I.— Landlord and Tenant : their Position and Connections. 

Chap. II.— Lease of Land, Conditions and Restrictions ; Choice of Tenant, 

and Assignation of the Deed. 
Chap. III.— Cultivation of Land, and Rotation of Crops. 
Chap. IV.— Buildings necessary on Cultivated Lands : Dwelling-houses, 

Fanneries, and Cottages for Labotirers. 
Chap. v.— Laying out Farms, RoatB, Fences, and Gates. 
Chap. VI.— Plantations, Young and Old Timber. 
Chap. VII.— Meadows and Embankments, Beds of Riven, Water Courses, 

and Flooded Grounds. 
Chap. VIII.— Land Draining, Opened and Covered : Plan, Execution, and 

Arran«ment betwe«) Landlord and Tenant. 
Chap. IX. — ^Minends, vSTorking, and Value. 
• Chap. X. — ^Expenses of an Estate. 
Chap. XI.— Valuation of Landed Property ; of the Soil, of Houses, of Woods, 

of Minerals, of Manorial Rights, of Royalties, and of Fee 

Farm Rents. 
Chap. XII. — Land Steward and Farm Bailiff: Qualifications and Duties. 
Chap. XIII.— Manor Bailiff, Woodrieve, Gardener, and Gamekeeper: their 

Position and Duties. 
Chap. XIV.— Fixed Days of Audit : Half-yearly Payments of Rents, Form of 

Notices, Receipts, and ot Casn Books, General Map of Es- 
tates, &C. 
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* * No Englishman ought to be without this dookJ' 

EVERY MAN'S OWN LAWYER; a Handy-Book of the Prin- 
ciples of Law and Equity. By A Barrister. 8th Edition, 
carefully revised, including a Summaiy of the New Bankruptcy 
Laws, the Fraudulent Debtors Act, an Abridgment of the prin- 
cipal Statute Laws of the last Session, and the Reported Cases of 
the Courts of Law and Equity. With Notes and References to the 
Authorities. i2mo, price ts, &/. (saved at every consultation), 
strongly bound. [just^lisked. 

Comprising the Rights and Wrtmgs of Individuals^ Mercantile and Com- 
mercial Law^ Criminal Law^ Parish Law, County Court Law^ 
Game and Fishery Laws^ Poor Meris Lawsuits, 

THE LAWS OP 



Bankruptcy. 

Bills of Exchangk. 

Contracts and Acrbrmbnts. 

Copyright. 

Dower and Divorcr. 

Elections and Registration. 

Insurance. 

Libel and Slander. 



Mortgages. 

Settlements. 

Stock Exchange Practice. 

Trade Marks and Patents. 

Trespass, Nuisances, etc 

Transfer of Land, etc. 

Warranty. 

Wills and Agreements, etc 



Also Law for 



Landlord and Tenant. 
Master and Servant. 
Workmen and Apprentices. 
Heirs, Devisees, and Lq;atees. 
Husband and Wife. 
Executors and Trustees. 
Guardian and Ward. 
Married Women and Infants. 
Partners and Agents. 
Lender and Borrower. 
Debtor and Creditor. 
Purchaser and Vendor. 
Companies and Associati<»i8. 
Friendly Societies. 



Cler^;ymen, Churchwardens. 

Medical Practitioners, &c 

Bankers. 

Fanners. 

Contractors. 

Stock and Share Brokers. 

Sportsmen and Gamekeepers. 

Farriers and Horse-Dealers. 

Auctioneers, House-Agents. 

Innkeepers, &c. 

Pawnbrokers. 

Surveyors. 

Railways and Carriers. 

&C.&C. 



" No Englishman ought to he without this book . . . any person perfectly unin- 
formed on legal matters, who may require sound information on unknown law points, 
will, by reference to this book, acquire the necessary information ; and thus on many 
occasions save the expense and loss of time of a visit to a lawyer.** — Engittetr^ Jan. 
98, 1870. 

*' It is a complete code of English Law, written in plain language which all can 
understand . . . should be in the hands of every business man, and all who wish to 
abolish lawyers' bills." — Weekly Times^ March 6, jSya 

*' With the volume before us in hand, a man may, in nine cases out often, decide 
his own course of action, learn how to proceed for redress of wrongs, or recovery of 
riffhts, and save his pocket from the dreaded consultation fees and the incalculable 
buls of casXsJ*-~Civu Service GoMette^ May 23, x866. 

" We have found it highly satisfactory as a work of authority and reference, and a 
handy-book of information. There is abundance of cheap and safe law in this work 
for all who want it."— ^ocA, May 26, 1868. 

" A useful and concise eiNtome of the law, compiled with considerable care." — Lam 
Magfutins. 

*' What it professes to be— a complete epitome of the laws of this country, thoroughly 
intcllig'ible to non-professional readers. The book is a handy one to have in readi* 
ness when some knotty point requires ready solution." — Bell's Li/e, 
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